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!
ABSTRACT'Enzymes!are!powerful,!natural!catalysts!that!could!be!harnessed!to!remove!harmful!microcontaminants,!like!perchlorate,!from!drinking!water.!As!of!now,!such!technologies!are!only!theoretical,!but!they!could!eventually!be!employed!as!sustainable!alternatives!to!current!methods!or!complementary!approaches,!where!specialized!applications!are!required.!In!this!work,!enzymatic!treatment!of!perchlorateOcontaminated!drinking!water!is!examined!as!a!test!case.!A!diverse!superfamily!of!enzymes,!known!as!chlorite!dismutases!(Clds),!catalyzes!the!final!reaction!of!biological!perchlorate!reduction.!The!goal!of!this!work!was!to!mine!the!diversity!within!the!Cld!superfamily!to!identify!a!homolog!that!is!well!suited!for!water!treatment.!!!To!find!an!optimal!Cld,!a!headOtoOhead!comparative!analysis!was!performed!on!seven!Cld!homologs!from!a!variety!of!bacterial!species.!A!kinetic!assay!was!developed!to!track!product!formation!using!a!chloride!ion!selective!electrode.!This!assay!was!used!to!quantify!and!compare!the!kinetics,!shelf!life,!and!catalytic!life!of!the!seven!homologs.!Additionally,!a!custom!polyclonal!antibody!was!developed!to!quantify!the!concentration!of!Cld.!Unfortunately,!attempts!to!quantify!the!concentration!of!Cld!using!this!custom!antibody!were!unsuccessful!due!to!issues!with!unequal!binding!affinity!across!the!homologs.!Therefore,!throughout!this!work,!the!concentration!of!heme!b!was!used!as!an!approximation!of!the!Cld!concentration.!!With!these!methods,!I!replicated!the!only!previous!study!that!quantified!the!catalytic!life!of!Cld!and!assessed!the!catalytic!life!of!an!additional!six!previously!untested!homologs.!Cld!from!Ideonella(dechloratans!was!identified!as!the!homolog!best!suited!for!water!treatment.!Most!importantly,!this!homolog!was!able!to!catalyze!approximately!140,000!reactions,!a!catalytic!life!at!least!double!that!of!the!other!tested!homologs.!At!the!other!extreme,!Cld!from!Candidatus!Nitrospira!defluvii!was!found!to!be!poorly!suited!for!treatment,!given!its!relatively!short!catalytic!life.!This!analysis!also!found!that!Cld!has!an!exceptional!storage!halfOlife,!greater!than!2Omonths!when!stored!at!4!°C.!!
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!With!a!solid!candidate!for!treatment!identified,!future!work!could!fall!under!applied!development!or!fundamental!investigation.!Even!at!140,000!reactions,!the!catalytic!life!of!Cld!is!still!relatively!short.!This!could!be!further!improved!by!generating!random!mutations!in!the!sequence!of!Cld!and!then!applying!directed!evolution!to!select!for!beneficial!mutations.!If!successful,!this!type!of!engineering!could!also!further!the!limited!understanding!of!the!mechanisms!by!which!Cld!inactivates.!In!summary,!this!work!has!brought!enzymatic!perchlorate!treatment!technologies!one!step!closer!to!being!a!viable!and!sustainable!alternative.!!!!!
' '
! iv!
ACKNOWLEDGEMENTS'I!would!like!to!thank!my!advisor,!Julie!L.!Zilles,!for!her!support!in!this!research.!I!would!also!like!to!thank!Justin!M.!Hutchison!for!his!intellectual!contributions!to!this!project!and!for!his!advice!and!support!throughout.!Thanks!also!to!David!Anderson!for!assistance!with!data!collection.!Additional!thanks!to!Dr.!Holger!Daims!at!the!University!of!Vienna!and!Dr.!Maria!Rova!at!Karlstad!University!for!providing!expression!plasmids!used!in!this!work.!Financial!support!was!provided!by!the!US!National!Science!Foundation!(CBETO1336620)!and!by!a!University!of!Illinois!at!Urbana!Champaign!University!Fellowship!(KCM)!and!the!National!Science!Foundation!Graduate!Research!Fellowship!Program!(JMH)!under!Grant!No.!DGEO1144245.!!!!
! v!
TABLE'OF'CONTENTS'
LIST'OF'FIGURES'..................................................................................................................................'vi!
LIST'OF'TABLES'.................................................................................................................................'viii!
CHAPTER'1'–'Introduction'.................................................................................................................'1!
CHAPTER'2'–'Materials'and'Methods'..........................................................................................'24!
CHAPTER'3'–'Results'and'Discussion'..........................................................................................'42!
CHAPTER'4'–'Conclusions'and'Future'Work'.............................................................................'88!
REFERENCES'........................................................................................................................................'91!
APPENDIX'A'N'Growth'of'Native'Bacterial'Hosts'......................................................................'96!
APPENDIX'B'–'Enterokinase'Cleavage'Issues'...........................................................................'99!
APPENDIX'C'–'MATLAB'Code'.......................................................................................................'101!
APPENDIX'D'–'16s'rRNA'Sequencing'Results'........................................................................'114!
APPENDIX'E'–'Western'Blot'Development'.............................................................................'116!
APPENDIX'F'–'Shelf'Life'Experiment'Plots'.............................................................................'124!
!! !
! vi!
LIST%OF%FIGURES%
Figure'1:'Perchlorate'Ion''..................................................................................................................'2'
Figure'2:'Chlorite''.................................................................................................................................'4'
Figure'3:'Pathway'for'Biological'Perchlorate'Reduction''....................................................'11'
Figure'4:'Phylogenetic'Tree'of'Selected'Cld'and'Cld@like'Proteins''..................................'13'
Figure'5:'Sequence'Alignment'of'Selected'Clds''......................................................................'15'
Figure'6:'Consensus'Structure'of'Cld'Active'Site''....................................................................'16'
Figure'7:'Mechanisms'of'Chlorite'Catalysis'by'Cld''................................................................'17'
Figure'8:'Michaelis@Menten'Equation''........................................................................................'18'
Figure'9:'Cloning'of'Cld'from!Azospira!oryzae!PS''...................................................................'34'
Figure'10:'Replicate@to@replicate'Variation'in'Expression''.................................................'49'
Figure'11:'Western'Blots'of'Soluble'Protein'Fractions'Used'for'Quantification'.........''50'
Figure'12:'Comparison'of'Total'Protein'Staining'and'Western'Blot''...............................'52'
Figure'13:'Spectra'of'rAoPSCld''.....................................................................................................'53'
Figure'14:'Calculation'of'Total'Heme'Content''........................................................................'54'
Figure'15:'Uv@vis'Spectra'of'Cld'Containing'Protein'Fractions'..........................................''57'
Figure'16:'Replicate@to@replicate'Variation'for'Heme'Quantification'and'a'
Background'Control''.........................................................................................................................'59'
Figure'17:'Assessing'the'Concentration'of'Free'Heme'in'Protein'Fractions'.................'60'
Figure'18:'Comparison'of'ISE'Probe'Calibration''....................................................................'61'
Figure'19:'Temporal'Changes'in'ISE'Probe'Calibration''.......................................................'63'
Figure'20:'Problems'with'Orion'Meter'Data'Collection''.......................................................'65''
Figure'21:'Example'of'Data'Processing'.....................................................................................''68'
Figure'22:'Michaelis@Menten'Kinetics''........................................................................................'70'
Figure'23:'Selected'Data'from'Stability'Experiment''.............................................................'76'
Figure'24:'Comparison'of'Normalization'Methods''................................................................'80'
Figure'25:'Replicate@to@replicate'Variation''.............................................................................'81'
Figure'26:'Coefficient'of'Variance'Plot'......................................................................................''82'
Figure'27:'MTTN'Calculated'by'the'Activity'Decay'Method''................................................'83'
Figure'28:'Calculating'Turnover'Number'by'Monitoring'Heme'Bleaching''...................'85'
Figure'29:'Quantifying'Inactivation'via'Heme'Bleaching''....................................................'86'
Figure'30:'Enterokinase'Cleavage''.............................................................................................'100'
Figure'31:'Alignment'of'16S'rRNA'Sequencing''.....................................................................'115'
Figure'32'Non@specific'Binding'with'Test'Bleed'Serum'and'Pre@bleed''........................'117'
Figure'33:'Improved'Specificity''.................................................................................................'118'
Figure'34:'Production'Bleed'Test''..............................................................................................'119'
Figure'35:'Modifications'to'Blotting'Method''.........................................................................'120'
! vii!
Figure'36:'Concentration'Test'for'Affinity'Purified'IgG''.....................................................'120'
Figure'37:'New'Buffers'and'Stacked'Gel''..................................................................................'121'
Figure'38:'Transfer'Efficiency'after'90'min'............................................................................'122'
Figure'39:'Reactivity'toward'rNwCld''.......................................................................................'123'
Figure'40:'Shelf'Life'Experiment'Plots''.....................................................................................'124'! !
! viii!
LIST!OF!TABLES!
Table'1:'Kinetic'Constants'of'Purified'Clds'and'Selected'Mutants'....................................'20'
Table'2:'Important'Reagent'Information'..................................................................................'24'
Table'3:'Buffer'Formulations'and'Recipes'................................................................................'25'
Table'4:'Recipes'for'SDSNPAGE'Gels'.............................................................................................'27'
Table'5:'Native'Bacterial'Strains'..................................................................................................'28'
Table'6:'Plasmids'Used'for'Recombinant'Cld'Expression'....................................................'28'
Table'7:'Modified'RTS'Media'.........................................................................................................'30'
Table'8:'Standard'Curve'for'ISE'Calibration'.............................................................................'38'
Table'9:'Cld'Homologs'Selected'for'Testing'..............................................................................'44'
Table'10:'Soluble'Protein'Fractions'............................................................................................'47'
Table'11:'Location'of'Peaks'in'UvNvis'Spectra'..........................................................................'56'
Table'12:'MichaelisNMenten'Kinetic'Data'for'Cld'Homologs'...............................................'69'
Table'13:'Comparisons'of'kcat'........................................................................................................'72'
Table'14:'Comparison'of'Catalytic'Efficiency'...........................................................................'73'
Table'15:'Comparison'of'HalfNlives'..............................................................................................'77'
Table'16:'ANOVA'Results'from'Activity'Decay'Experiment'.................................................'83'
Table'17:'ANOVA'Results'from'Heme'Bleaching'Experiment'.............................................'85'!
! !
! 1!
CHAPTER!1!–!Introduction!During!the!past!century,!our!failure!to!comprehend!the!complete!lifecycle!of!the!chemicals!we!produce!has!resulted!in!a!legacy!of!contamination.!The!widespread!pollution!of!water!resources!has!made!the!impacts!of!this!oversight!tangible!and!of!great!concern.!The!United!States!Environmental!Protection!Agency!(US!EPA)!regulates!roughly!90![1]!contaminants!in!drinking!water!and!many!more!are!on!the!three!Contaminant!Candidate!Lists![2O4].!Many!of!these!contaminants!are!derived!from!anthropogenic!activities!including!farming,!mining,!pharmaceutical!manufacturing,!and!oil!refining.!The!detritus!of!modern!life!enters!our!water!sources!and!poses!a!threat!to!the!health!of!society.!!A!new!group!of!compounds,!referred!to!as!“contaminants!of!emerging!concern”,!are!being!heavily!investigated.!!Prime!examples!include!pharmaceuticals!like!the!antibiotic!Ciprofloxacin!and!hormones!such!as!estrogen!and!progesterone.!The!compounds!have!been!detected!in!drinking!water!sources!all!over!the!world![5].!We!do!not!fully!understand!the!impacts!these!contaminants!will!have;!however,!it!is!clear!that!new!treatment!technologies!will!be!a!requisite!part!of!the!solution.!!To!this!end,!this!work!investigates!perchlorate!as!a!model!contaminant!for!a!new!class!of!treatment.!We!aim!to!develop!a!novel,!biomimetic!approach!to!treating!contaminated!waters!that!harnesses!the!power!of!biologically!derived!catalysts,!also!known!as!enzymes.!!
The!Problem!The!substantial!use!and!unregulated!discharge!of!perchlorate!has!impacted!drinking!water!sources!throughout!the!United!States.!It!has!been!estimated!that!15.9!million!kg!of!perchlorateOcontaining!salts!have!been!released!into!the!environment![6].!The!main!contributor!is!ammonium!perchlorate,!a!widely!used!oxidant!in!munitions,!fireworks,!and!rocket!fuel![7].!Perchlorate!also!has!several!natural!sources.!Most!notably,!Chilean!nitrate!deposits!have!been!shown!to!contain!perchlorate!salts;!these!deposits!have!been!mined!and!used!to!produce!fertilizers![8].!More!recently,!atmospheric!deposition!has!also!been!proposed!as!a!natural!source!of!perchlorate.!!Some!evidence!suggests!that!perchlorate!is!generated!in!the!atmosphere!through!the!reaction!of!chloride!and!ozone![9].!However,!investigations!by!the!US!EPA!have!determined!that!such!natural!sources!are!not!a!substantial!contributor!to!environmental!contamination![6].!!
! 2!
! The!problem!is!further!compounded!by!the!fact!that!perchlorate!is!highly!mobile!and!very!stabile!in!the!environment.!Perchlorate’s!persistence!in!the!environment!results!from!its!unique!chemical!properties.!The!perchlorate!ion!(Figure!1)!has!an!extremely!favorable!reduction!potential!of!1.29!V!when!reduced!to!chloride,!a!value!even!more!favorable!than!the!reduction!of!oxygen!to!water!(1.23!V)![10].!Therefore!reduction!is!energetically!favorable.!In!contrast,!perchlorate!is!highly!stable!in!the!environment.!Tests!in!groundwater!have!demonstrated!that!perchlorate!remains!extremely!stable!under!environmental!conditions;!samples!have!shown!to!be!stable!for!a!period!of!300!days![11].!This!kinetic!stability!results!from!a!large!energy!barrier!that!slows!the!reduction!of!the!central!chlorine!atom!from!a!+7!(in!perchlorate)!to!a!O1!(in!chlorite)!oxidation!state.!This!large!energy!barrier!in!combination!with!high!water!solubility!(up!to!200!g!LO1![12])!yields!a!mobile!and!recalcitrant!contaminant.!! Due!to!its!environmental!persistence,!perchlorate!poses!a!threat!to!human!health.!The!health!risks!associated!with!perchlorate!consumption!are!well!documented.!Perchlorate!is!known!to!inhibit!iodine!uptake!by!the!thyroid!through!direct!inhibition!of!the!sodium!iodide!symporter;!this!leads!to!a!lack!of!iodine!and!disruption!of!hormone!synthesis![13].!Although!animal!studies!have!shown!clear!links!between!perchlorate!consumption!and!thyroid!dysfunction![14],!epidemiological!studies!in!humans!are!far!less!clear.!In!Chile,!where!naturally!occurring!perchlorate!is!present!in!drinking!water,!studies!
of!pregnant!women!and!children!found!no!effects!on!populations!exposed!to!concentrations!of!100!µg!LO1.!These!results!are!consistent!with!a!dose!response!study!in!adult!men!and!women!that!found!a!noOeffects!dose!of!around!200!µg!LO1!in!drinking!water!
Figure'1:'Perchlorate'Ion'
'
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[14].!Above!200µg!LO1,!shortOterm!impacts!on!hormone!levels!were!found,!but!longOterm!implications!are!harder!to!predict.!! Although!perchlorate!can!impact!hormone!levels,!perchlorate!exhibits!high!turnover!in!the!body.!Thus,!in!the!absence!of!chronic!exposure,!most!effects!on!adults!are!readily!reversible![15].!However,!of!greater!concern!are!the!potential!irreversible!effects!to!highOrisk!populations:!pregnant!women!and!infants.!For!these!individuals,!disruptions!in!hormone!synthesis!could!have!lifelong!consequences!for!the!child.!Of!particular!concern!to!developing!infants!is!the!contamination!of!breast!milk.!Perchlorate!is!actively!transported!by!sodium!the!iodide!symporter!with!a!30Ofold!greater!affinity!than!iodine![13].!Because!the!sodium!iodide!symporter!is!expressed!in!the!breast!tissue!of!lactating!mothers![16],!perchlorate!has!the!potential!to!be!concentrated!in!breast!milk.!A!large!survey!found!breast!and!dairy!milk!contamination!to!be!widespread![17].!!! Many!investigators!and!agencies!have!mapped!the!scope!of!the!perchlorate!problem.!The!results!of!the!US!EPA’s!Unregulated!Contaminant!Monitoring!Program!and!the!California!Department!of!Public!Health’s!Drinking!Water!Program!demonstrate!the!extent!of!contamination.!Between!2001!and!2005,!the!US!EPA’s!monitoring!program!found!perchlorate!levels!greater!than!4!µg!LO1!in!2%!of!samples!taken!from!28!states!and!territories![18].!The!most!recent!Drinking!Water!Program!results!found!perchlorate!in!148!active!and!standby!drinking!water!sources!at!levels!greater!than!6!µg!LO1![19].!! The!widespread,!lowerOlevel!detections!in!drinking!water!and!milk!are!clearly!concerning;!however,!the!scale!of!the!problem!truly!becomes!apparent!when!one!considers!point!source!contamination!sites.!The!contamination!that!surrounds!manufacturing,!usage,!and!discharge!sites!is!many!orders!of!magnitude!more!severe.!An!assessment!by!the!US!EPA!found!maximum!perchlorate!concentrations!of!3,700,000!µg!LO1!in!groundwater,!120,000!µg!LO1!in!surface!water,!811!µg!LO1in!drinking!water,!and!2,000!mg!kgO1!in!soil![20].!! The!national!regulatory!guidelines!for!perchlorate!are!still!being!developed.!In!1998,!perchlorate!was!included!on!the!US!EPA’s!first!Contaminant!Candidate!List![2].!In!2011,!the!
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US!EPA!proposed!a!draft!regulatory!limit!of!15!µg!LO1,!but!no!national!drinking!water!regulation!has!been!finalized![21].!The!US!EPA!based!this!limit!on!a!reference!dose!of!0.7!µg!kgO1!dO1!that!was!proposed!by!the!National!Academy!of!Sciences![22].!In!addition,!several!states!have!established!regulatory!standards!for!perchlorate!in!drinking!water,!including!Massachusetts!(2!µg!LO1)![23]!and!California!(6!µg!LO1)![24].!It!should!be!noted!that!the!US!EPA’s!draft!regulatory!limit!and!the!regulations!in!Massachusetts!and!California!are!far!below!the!noOeffects!dose!determined!in!epidemiological!studies.!This!discrepancy!reflects!the!large!uncertainty!factor!that!was!incorporated!into!the!regulations!in!order!to!protect!highOrisk!populations.!!
Chlorite!!! Chlorite!is!also!a!chlorine!oxyanion!and!is!a!nationally!regulated!drinking!water!contaminant.!The!chlorite!ion!(Figure!2)!is!less!stable!than!perchlorate,!but!some!sources!are!closer!to!human!exposure.!Chlorite!is!a!regulated!disinfection!by!product.!Chlorite!forms!during!chlorine!dioxide!disinfection,!a!process!used!in!some!drinking!water!plants![25].!Chlorite!levels!in!drinking!water!are!regulated!by!the!US!EPA’s!disinfection!byproduct!rule,!which!sets!a!maximum!contaminant!level!of!1!mg!LO1!and!a!maximum!contaminant!level!goal!of!0.4!mg!LO1![26].!Up!to!70%!of!the!chlorine!dioxide!dose!reacts!to!form!chlorite![27]!thus!drastically!limiting!the!dosage!of!disinfectant!that!can!be!safely!applied.!!!
In!addition!to!being!a!regulated!disinfection!byproduct,!the!bulk!use!of!chlorite!by!industry!has!the!potential!to!result!in!deleterious!impacts!on!the!environment.!Chlorite!is!used!as!a!bleaching!agent!in!the!waterOintensive!paper!and!textile!industries.!Studies!of!chlorite’s!impact!on!fish!have!demonstrated!adverse!effects!at!concentrations!exceeding!3.3!
Figure'2:'Chlorite'
'
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mg!LO1![28].!Although!far!less!is!known!about!the!prevalence!of!chlorite!in!industrial!wastewater,!the!potential!impact!should!not!be!ignored.!!
' Chlorite!potentially!also!poses!challenges!to!the!process!of!water!desalination!via!reverse!osmosis.!Biofouling!of!reverse!osmosis!membranes!remains!a!persistent!problem![29].!Effective!control!of!biofilm!growth!by!chlorine!is!limited!due!to!the!high!sensitivity!of!polyamide!membranes!to!chlorine!attack![30,!31].!Chlorine!dioxide!has!been!explored!as!an!alternative!biofouling!control!agent![32];!however,!formation!of!chlorite!could!impose!limitations!and!challenges!similar!to!those!encountered!during!drinking!water!disinfection.!
Current!Perchlorate!Treatment!!When!taken!together,!the!widespread!perchlorate!contamination!and!the!potential!health!effects!of!consumption!provide!significant!motivation!to!develop!more!efficient!and!sustainable!technologies.!Current!perchlorate!treatment!regimes!suffer!from!major!drawbacks,!thus!presenting!both!a!need!and!an!opportunity!for!a!new!approach.!Many!strategies!have!been!established!or!are!currently!being!explored!for!perchlorate!treatment.!In!this!section!these!technologies!are!separated!into!three!general!approaches:!physical!removal!technologies,!chemical!degradation!technologies,!and!biological!degradation.!What!follows!is!a!discussion!of!the!current!utilization!and!implications!of!each!approach.!
Physical)Removal)Technologies)A!majority!of!the!techniques!available!for!treatment!of!perchlorate!can!be!classified!as!physical!removal!technologies.!These!approaches!include!ionOexchange!(IX),!adsorption,!and!membrane!filtration.!Despite!their!effectiveness,!these!technologies!suffer!from!several!drawbacks.!A!major!limitation!of!physical!removal!is!that!these!approaches!only!separate!perchlorate!from!source!waters,!generating!highly!concentrated!perchlorate!waste.!Therefore,!these!types!of!approaches!are!only!one!step!in!the!treatment!process.!!!! IX!is!the!most!prevalent!treatment!technology!in!use!today![20].!IX!removes!perchlorate!by!promoting!favorable!interactions!with!a!solid!phase.!NonOselective!IX!resins!can!be!inefficient!when!removing!perchlorate!from!real!waters!due!to!the!competition!for!
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binding!sites.!Other!inorganic!ions!such!as!nitrate!and!sulfate,!which!are!often!present!at!significantly!higher!concentrations!than!perchlorate,!reduce!the!perchlorate!binding!efficiency![20].!Thus,!nonOselective!resins!require!frequent!regeneration.!However,!nonOselective!resins!have!the!benefit!of!being!relatively!easy!to!regenerate!with!NaCl!when!compared!to!specialized!resins!with!higher!perchlorate!selectivity.!! To!improve!selectivity,!specialized,!bifunctional!resins!that!preferably!bind!perchlorate!have!been!developed!and!successfully!implemented![33,!34].!Selective!resins!have!been!shown!to!process!more!that!100,000!bed!volumes!before!perchlorate!breakthrough!occurs![35]!However,!given!their!high!affinity!for!perchlorate,!these!resins!are!difficult!to!regenerate.!They!require!very!high!salt!concentrations!or!complex!regeneration!schemes.!Both!interventions!drive!up!operating!costs![36].!As!mentioned!earlier,!regardless!of!the!resin,!IX!generates!a!concentrated!perchlorate!waste!stream!that!requires!further!treatment![20].!!! The!relative!difficulty!in!regenerating!selective!resins!has!prompted!investigation!into!alternative!regeneration!methods.!One!such!technique!utilizes!the!reaction!of!perchlorate!with!FeCl3OHCl![37].!An!FeCl3OHCl!solution!is!used!to!displace!perchlorate!from!selective!resins,!generating!a!concentrated!perchlorate!brine.!Perchlorate!can!then!be!converted!to!chloride!and!water!with!addition!of!excess!FeCl2!and!incubation!at!200!°C![34].!This!technique!simultaneously!destroys!perchlorate!while!allowing!for!recycle!of!the!FeCl3OHCl!regeneration!solution.!To!my!knowledge,!this!process!is!not!widely!used.!Selective!IX!resins!are!still!considered!singleOuse!and!are!incinerated!once!their!operational!life!has!been!exceeded![20,!36].!This!practice!clearly!highlights!the!inefficiencies!of!many!physical!removal!techniques.!! Several!adsorptive!processes!have!also!been!explored!for!removal!of!perchlorate.!Adsorption!to!granular!activated!carbon!(GAC)!is!a!common!tool!for!water!treatment.!However,!studies!have!shown!that!virgin!GAC!is!a!relatively!poor!adsorbent!for!perchlorate![38,!39].!Adsorption!to!GAC!can!be!markedly!improved!by!preloading!GAC!with!iron![38],!ammonia!tailoring![39],!or!through!addition!of!cationic!surfactants![40].!Unfortunately,!the!
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use!of!surfactants!increases!operational!costs!and!can!generate!secondary!pollution.!Besides!GAC,!a!variety!of!other!adsorbents!have!been!explored,!but!at!this!juncture!none!are!viable!alternatives![41].!Adsorptive!techniques!are!vital!to!many!water!treatment!facilities,!but!their!application!to!perchlorate!treatment!is!limited.!!! With!the!recent!rapid!development!of!membrane!process,!membrane!filtration!has!also!been!explored!as!a!method!of!treating!perchlorate.!!Nano/ultra!filtration!and!reverse!osmosis!have!proven!capable!of!treating!perchlorate![42].!Unfortunately,!these!processes!are!pressure!driven!and!thus!require!energy!input!to!achieve!rejection.!For!ultrafiltration!to!be!effective,!it!is!necessary!to!add!cationic!polymers!that!bind!perchlorate![43].!Electrodialysis!is!another!membrane!process!that!has!been!explored!as!a!potential!technology!to!remove!perchlorate!from!water![44].!In!general,!the!costs!associated!with!membrane!technologies!are!unfavorable!compared!to!other!approaches[20].!! Although!physical!removal!has!gained!wide!acceptance,!there!is!substantial!room!for!improvement.!IX!has!been!successfully!implemented!in!states!like!California!and!Massachusetts!where!strict!perchlorate!regulations!are!in!effect,!and!IX!is!also!used!as!a!tool!for!remediation!at!many!superfund!sites![20].!Unfortunately!these!technologies!are!inefficient!and!are!not!sustainable.!NonOselective!IX!resins!generate!a!brine!solution!that!can!require!further!treatment!prior!to!disposal![45].!Currently,!most!selective!IX!resins!are!single!use!and!are!incinerated!after!breakthrough!occurs,!increasing!operational!cost.!An!assessment!of!the!overall!environmental!impact!of!these!practices!concluded!that!there!was!room!for!improvement!in!reducing!consumable!inputs!like!brine!and!resin![46].!! All!physical!removal!techniques!generate!a!perchlorateOladen!waste!stream!(regeneration!brine,!spent!resin,!or!concentrate)!that!requires!further!treatment.!The!impending!regulations!and!current!inefficiencies!demonstrate!a!need!for!technologies!that!do!not!simply!remove!but!completely!degrade!perchlorate.!!
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Chemical)Degradation)Technologies)One!alternative!to!physical!removal!are!specialized!chemical!catalysts!that!reduce!perchlorate.!One!such!catalyst!is!zeroOvalent!iron.!Unfortunately,!reduction!rates!with!zeroOvalent!iron!are!too!slow!to!be!a!viable!option![47].!More!effective!catalysts!for!perchlorate!reduction!are!being!explored.!Recent!work!has!demonstrated!a!catalyst!system!that!degrades!perchlorate!in!high!salt!waste!brines,!allowing!for!their!reuse![48].!Unfortunately,!most!catalysts!that!are!currently!under!evaluation!contain!rare,!expensive,!and!toxic!transitions!metals!such!as!rhenium,!palladium,!and!titanium![48O50].!Application!of!these!catalysts!is!also!limited!by!the!requirement!of!harsh!conditions!such!as!extreme!acidity,!pH<3![48,!49].!In!addition,!most!catalyst!systems!rely!on!the!use!of!hydrogen!as!an!electron!donor,!which!is!both!expensive!and!imposes!safety!concerns![48].!Currently,!chemical!catalysts!remain!cost!prohibitive!and!require!extreme!conditions!that!are!inconsistent!with!water!treatment.!!
Biological)Degradation))A!second!alterative!to!physical!treatment!utilizes!the!metabolism!of!microorganisms.!The!capacity!to!reduce!perchlorate!to!chloride!and!molecular!oxygen!is!shared!among!a!diverse!group!of!bacteria!known!as!dissimilatory!perchlorate!reducing!bacteria!(PRB).!For!these!bacteria,!perchlorate!is!one!of!several!terminal!electron!acceptors!that!can!be!utilized!for!anoxic!metabolism.!Nitrate!and!oxygen!are!also!common!electron!acceptors![51].!PRB!also!utilize!a!variety!of!electron!donors!including!acetate,!hydrogen,!hydrogen!sulfide,!and!iron![52].!Their!diverse!metabolic!capabilities!make!PRB!adaptable!to!many!treatment!schemes.!! Bacteria!have!successfully!employed!for!both!in(situ!and!ex(situ!bioremediation![20,!53,!54].!However,!use!and!applicability!for!drinking!water!treatment!is!minimal!at!best.!The!closest!use!of!biological!reduction!for!drinking!water!treatment!can!be!found!at!the!Aerojet!General!Corporation!Superfund!site!in!Rancho!Cordova,!CA![54].!This!site!uses!biological!reduction!to!treat!groundwater!containing!both!perchlorate!and!nitrate!and!then!discharges!treated!water!into!a!nearby!drinking!water!source![55].!Alternatively,!it!has!been!proposed!that!biological!reduction!could!be!used!to!decontaminate!IX!regeneration!
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brine.!!In!small!scale,!salt!tolerant!PRB!are!capable!of!treating!IX!regeneration!brine![56,!57]!and!have!successfully!treated!brine!trough!20!cycles!of!regeneration![58].!This!demonstrates!the!feasibility!of!a!hybrid!IXObiological!approach,!but!to!my!knowledge!fullOscale!application!has!yet!to!be!achieved.!!!! Like!IX,!biological!reduction!is!also!limited!in!the!presence!common!compounds.!Oxygen,!nitrate,!and!sulfate!inhibit!or!dramatically!reduce!the!rate!of!biological!perchlorate!reduction![52].!PRB!preferentially!and!sequentially!utilize!electron!acceptors.!This!means!that!more!favorable!electron!acceptors!like!oxygen!and!nitrate!must!first!be!consumed!before!rapid!perchlorate!reduction!can!begin.!This!hierarchical!utilization!increases!treatment!time!and!the!operational!costs!associated!with!feeding!the!bacteria.!These!bacteria!require!the!addition!of!electron!donors!like!acetate!or!ethanol.!! In!summary,!the!current!technologies!for!perchlorate!treatment!are!inefficient!and!could!be!made!more!sustainable!and!cost!effective.!Physical!removal,!although!effective,!can!be!expensive!to!operate!and!only!transfers!the!contamination!from!one!stream!to!another.!Chemical!catalysts!can!degrade!perchlorate,!but!require!expensive!materials!and!harsh!operating!conditions.!Biological!degradation!has!proven!very!effective!and!efficient!for!in(situ!bioremediation!and!could!be!used!to!decontaminate!toxic!perchlorate!brines;!however,!biological!processes!have!encountered!two!issues!that!have!hampered!implementation.!First,!competing!anions!or!electron!acceptors!lower!treatment!efficiency,!and!second,!biological!processes!typically!encounter!barriers!in!drinking!water!treatment!due!to!negative!public!perception.!!! In!combination,!these!flaws!clearly!frame!a!hypothetical!optimal!design!for!a!perchlorate!water!treatment!technology:!a!sustainable,!low!cost!technology!capable!of!selectively!degrading!perchlorate!without!generating!concentrated!waste!streams.!All!these!criteria!could!be!filled!by!new!material!that!capitalizes!on!the!benefits!of!biological!reduction!without!using!living!organisms.!These!criteria!could!be!fulfilled!by!a!material!that!contains!the!enzymes!responsible!for!perchlorate!reduction,!not!living!cells.!Such!a!material!would!simultaneously!avoid!selectivity!and!perception!issues.!Further,!this!
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“enzymatic!approach”!could!be!generalized!into!a!suite!of!biomimetic!materials!that!could!be!deployed!when!specialized!treatment!is!required.!!
Enzymatic!Treatment!!Enzymes!have!been!utilized!by!industry!for!many!decades,!including!their!use!in!the!food,!chemical,!biofuel,!and!pharmaceutical!sectors.!Enzymes!are!attractive!catalysts!because!of!their!array!of!unique!properties:!they!promote!very!high!reaction!rates,!they!are!extremely!selective,!and!they!operate!at!mild!conditions.!Enzymes!are!essentially!catalysts!that!have!been!perfected!through!millions!of!years!of!evolution!to!be!highly!selective!and!highly!efficient.!!! First!and!foremost,!enzymes,!like!most!catalysts,!promote!efficient!chemical!degradation.!Enzymes!improve!on!most!chemical!catalysts!because!the!reactants!and!products!are!highly!predictable!and!relatively!independent!of!conditions.!The!most!efficient!enzymes!are!capable!of!catalyzing!up!to!106!reactions!per!second![59].!Some!enzymes!are!so!selective!for!their!substrates!that!they!are!capable!of!distinguishing!between!stereoisomers.!The!specificity!of!enzymes!also!allows!them!to!maintain!high!reaction!rates!even!at!low!concentrations!of!substrates!and!in!complex!mixtures!of!similar!compounds.!This!is!particularly!key!given!the!recent!concern!over!microcontaminants,!typically!present!in!ppb!levels,!which!common!broadOspectrum!treatment!approaches!fail!to!treat!effectively.!! Enzymes!are!also!attractive!for!environmental!applications!because!they!display!optimal!activity!at!ambient!temperatures!and!in!aqueous!environments.!This!cannot!be!said!for!many!chemical!catalysts,!including!those!being!designed!for!perchlorate!treatment![48,!49].!All!these!characteristics!make!enzymes!attractive!for!water!treatment!applications!where!noxious!contaminants!can!be!present!at!low!concentration.!!Properly!designed!systems!could!target!specific,!lowOlevel!contaminants!and!function!within!the!parameters!of!current!water!treatment!methods.!!! As!with!any!treatment!technology,!using!enzymes!would!have!its!drawbacks.!Primarily,!biological!molecules!can!be!relatively!unstable,!a!problem!that!hinders!many!
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large!scale!applications![60].!Enzymes!can!have!halfOlives!of!minutes!or!hours,!limiting!industrial!use.!Enzymes!are!large!(10!kD!and!up)!molecules!with!complex!3D!structures.!This!complexity!makes!them!vulnerable!to!chemical,!biological,!and!physical!mechanisms!of!degradation.!The!issue!of!stability!must!be!addressed!with!most!enzymatic!technologies.!
Perchlorate!Enzymatic!Treatment!! Perchlorate!presents!an!attractive!target!for!enzymatic!treatment!because!only!two!enzymes!are!involved!in!reducing!perchlorate!to!chloride!and!oxygen.!The!biological!reaction!pathway!is!shown!in!Figure!3.!First,!perchlorate!is!reduced!to!chlorite!in!two!
separate!reactions,!catalyzed!by!Perchlorate!Reductase.!These!reactions!consume!4!protons!and!4!electrons!and!produce!2!molecules!of!water.!These!reactions!complete!the!electron!transfer!chain!in!anoxic!metabolism.!The!final!step!in!the!perchlorate!reduction!pathway!is!catalyzed!by!Chlorite!Dismutase!(Cld),!which!converts!chlorite!into!chloride!and!oxygen.!This!final!step!serves!to!protect!the!cells!from!the!toxic!effects!of!chlorite.!This!relatively!simple!pathway!can!be!extracted!from!living!cells!and!used!for!perchlorate!treatment.!!!! The!feasibility!and!potential!benefits!of!cellOfree,!enzymeOcatalyzed!perchlorate!treatment!have!already!been!demonstrated.!Crude!cell!extracts!from!PRB!have!been!shown!to!reduce!perchlorate!at!environmentally!relevant!concentrations!and!in!the!presence!of!500!fold!excess!nitrate![61].!Even!without!purification,!maximum!reduction!rates!of!2.0!µmol!minO1!mg!proteinO1!were!observed,!a!rate!much!higher!than!synthetic!catalysts![61].!These!results!are!the!foundation!for!incorporating!these!enzymes!into!new!technologies!for!water!treatment.!However,!significant!development!is!still!required!before!these!technologies!can!be!deployed!successfully.!
Figure'3:'Pathway'for'Biological'Perchlorate'Reduction'The!first!two!reactions!are!catalyzed!by!Perchlorate!Reductase!(PR)!and!the!final!reaction!is!catalyzed!by!Chlorite!Dismutase!(Cld).!!
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! Of!the!two!enzymes!in!the!perchlorate!reduction!pathway,!Cld!will!likely!be!a!limiting!factor.!Several!investigations!have!found!that!Cld!has!a!limited!operational!life,!i.e.!Cld!can!only!catalyze!a!limited!number!of!reactions!before!irreversible!inactivation!occurs![62O64].!This!process!could!limit!the!lifespan!of!the!technology!and!increase!operational!costs.!Cld!will!therefore!be!the!focus!of!this!work.!To!set!the!stage!for!this!discussion,!the!current!understanding!of!Cld!is!reviewed!in!the!following!section.!
Chlorite!Dismutase!Since!its!isolation!in!1996![65],!Cld!has!been!studied!extensively!by!biochemists.!Of!significant!interest!is!the!fact!that!chlorite!dismutase!is!the!only!enzyme!besides!photosystem!II!that!catalyzes!the!formation!of!the!OOO!bond.!The!term!“chlorite!dismutase”!actually!defines!a!superfamily!of!conserved!proteins!that!are!distributed!mainly!within!the!bacterial!domain.!!More!generally,!Clds!are!classified!as!peroxidases.!Among!the!four!peroxidase!superfamilies,!Clds!are!classified!in!the!same!superfamily!as!dyeOdecolorizing!peroxidase![66].!!! Sequence!homology!investigations!have!uncovered!a!general!difference!between!true!Clds!and!CldOlike!proteins.!The!phylogenetic!tree!in!Figure!4!best!visualizes!this!difference.!True!Clds!exhibit!rapid!chlorite!degradation!kinetics!due!to!several!highly!conserved!catalytic!residues![66].!The!presence!or!absence!of!these!residues!subdivides!the!Cld!superfamily!into!two!segments,!Cld!(black!and!green!sectors!in!Figure!4)!and!CldOlike!(orange!sector)!enzymes.!The!true!Clds!are!known!to!be!highly!active!and!thus!make!good!candidates!for!water!treatment.!!! Sequence!and!structural!characterizations!further!subdivide!Clds!into!two!classes![66].!Clade!1!proteins!are!homopentamers!or!homohexamers!(5!or!6!identical!peptide!strands!per!molecule)!while!Clade!2!are!believed!to!be!homodimers!(two!identical!peptide!strands!per!molecule)![66].!Although!many!Clade!1!members!have!been!purified!and!studied,!to!date,!only!one!Clade!2!member!has!been!isolated![67],!thus!information!about!Clade!2!remains!limited.!
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!
Sequence!homology!has!also!identified!putative!Cld!and!Cld9like!proteins!in!hundreds!of!bacterial!species,!in!some!archaea![68],!and!somewhat!surprisingly!in!Populus'
trichocarpa!(poplar!tree)![67].!This!finding!is!the!only!indication!of!Cld!in!a!eukaryotic!host.!A!selection!of!these!species!can!be!seen!in!the!phylogenetic!tree!in!Figure!4.!Besides!Cld’s!role!in!the!perchlorate!reduction!pathway,!some!evidence!suggests!Cld!may!have!an!
Figure'4:'Phylogenetic'Tree'of'Selected'Cld'and'Cld8like'Proteins'Leaf!colors!indicate!phylogenetic!classifications,!proteobacteria!(blue),!cyanobacteria!(red),!nitrospirae!(light!green),!actinabacteria!(magenta),!deinococcus9thermus!(yellow),!archaea!(cyan),!and!eukarya!(white).!
Cld8like' Clade'2'
Clade'1'
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alternative,!but!still!unknown,!function.!Active!Cld!homologs!have!been!isolated!or!cloned!from!bacterial!species!that!are!not!capable!of!reducing!chlorate!or!perchlorate![67,!68].!The!function!of!Cld!in!these!species!has!yet!to!be!determined.!! Despite!the!diversity!of!species!believed!to!express!Cld,!the!enzyme!itself!exhibits!a!high!degree!of!conservation.!A!protein!sequence!alignment!of!Cld!sequences!!(Figure!5)!reveals!many!regions!of!conservation!as!well!as!several!highly!conserved!residues!(indicated!by!the!red!arrows).!The!crystal!structures!of!4!Cld!homologs!have!been!solved.!These!structures!have!revealed!nearly!identical!active!site!structures!that!contain!the!aforementioned!conserved!residues.!The!consensus!active!site!structure!can!be!seen!in!Figure!6.!!! The!active!site!structure!highlights!the!key!features!common!to!all!Clds.!All!known!Clds!are!metalloproteins!with!a!heme!b!(green!structure!in!Figure!6)!cofactor!located!at!the!active!site![67,!69O71].!The!iron!(orange!in!Figure!6)!bound!by!the!heme!serves!as!the!redox!center!for!catalysis.!The!prominent!conserved!residue!on!the!distal!side!of!the!heme!(side!of!chlorite!binding)!is!an!arginine!(Arg!173)1.!Arg!173!has!been!shown!to!have!several!functions.!First,!this!residue!is!believed!to!play!a!role!in!chlorite!binding!because!it!is!the!only!charged!residue!on!the!distal!side!of!the!active!site![71].!Arg!173!also!plays!a!key!role!in!the!reaction!mechanism![72].!On!the!proximal!side,!there!is!a!hydrogen!bonding!network!consisting!of!histadine!(His!106)!that!directly!coordinates!with!the!heme!iron,!lysine!(Lys!141),!and!glutamic!acid!(Glu!210)![69,!71].!This!network!decreases!the!reduction!potential!of!the!heme!iron!by!increasing!the!imidazole!character!of!the!histidine!ring![69].!This!shift!in!reduction!is!believed!to!stabilize!some!of!the!reaction!intermediates![67].!!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!1!Numbering!corresponds!to!the!sequence!of!Cld!from!the!bacterial!species!Candidatus!Nitrospira!defluvii.!For!clarity,!in!text!residue!numbering!will!always!use!this!Cld!as!a!reference.!!
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There!is!still!debate!over!the!exact!reaction!mechanism;!two!competing!mechanisms!are!shown!in!Figure!7.!The!first!step!in!both!mechanisms!involves!oxygen!binding!to!the!heme!iron!and!forming!a!high?valent!Fe!(IV)!species!that!is!stabilized!by!His!160![67].!This!step!is!analogous!to!the!mechanism!of!most!heme!dependent!peroxidases.!Debate!exists!as!to!whether!the!first!reaction!intermediate!decomposes!via!heterolytic!or!homolytic!cleavage!of!the!O?Cl!bond.!Heterolytic!cleavage!(Mechanism!A)!would!result!in!a!porphyry!radical!similar!to!Coupound!I!that!is!formed!by!many!peroxidases.!Homolytic!cleavage!(Mechanism!B)!would!result!in!a!hypochlorite!radical![71].!Mathematical!modeling!suggests!that!Mechanism!B!is!more!energetically!favorable!than!Mechanism!A![73].!Experimental!studies,!on!the!other!hand,!suggest!the!formation!of!Compound!I,!which!is!more!in!line!with!Mechanism!A![74].!There!is!agreement!that!the!hypochlorite!(or!chlorine!monoxide)!rapidly!rebounds!forming!an!O?O!bond!followed!by!the!release!of!chloride!and!
Figure'6:'Consensus'Structure'of'Cld'Active'Site'Crystal!the!Cld!active!site!from!Candidatus!Nitrospira!defluvii.!Residues!are!numbered!according!to!primary!protein!sequence.!The!heme!b!cofactor!and!the!key!catalytic!residues!are!shown!as!sticks,!the!secondary!structure!elements!are!shown!as!cartoons.!Element!colors:!carbon!(green),!oxygen!(red),!nitrogen!(blue),!iron!(orange).!Secondary!structure!colors:!helices!(purple)!and!sheets!(yellow)!are!shown!as!cartoons.!!
Arg!173!
His!160!
Glu!210!Lys!141!
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O2![62].!Labeling!experiments!have!demonstrated!that!both!oxygen!atoms!in!O2!come!entirely!from!chlorite![74].!!!
Kinetics(Apart!from!the!structure!and!mechanism!of!reaction,!kinetic!studies!have!been!performed!on!Clds!from!many!different!bacterial!species.!The!most!common!analysis!used!to!quantify!the!kinetics!of!enzymes!is!known!as!steady!state!kinetic!analysis,!also!referred!to!as!Michaelis?Menten!kinetics.!!The!Michaelis?Menten!equation!describing!enzyme!kinetics!is!!
Figure'7:'Mechanisms'of'Chlorite'Catalysis'by'Cld'The!two!competing!mechanisms!of!chlorite!catalysis!by!Cld.!Divergence!occurs!after!the!chlorite!binds!to!the!heme!iron.!Mechanism!A!hypothesizes!that!the!O?Cl!bond!cleaves!heterolyticaly!resulting!in!the!formation!of!a!hypochlorite!ion.!Mechanism!B!hypothesizes!the!hemolytic!cleavage!of!the!O?Cl!bond!resulting!in!a!chlorine!monoxide!radical.!
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!! = !!"#!!!!!! = !!"#!!!!!!!!! ''' ' ' ' ' ' ' ' Equation'1'
' ' ' ' ' ' '''''''!where!Vi!(µmol!L?1!s?1)!is!the!initial!reaction!rate,!S!(µmol!L?1)!!is!the!initial!substrate!concentration,!Km!(µmol!L?1)!!is!a!constant!known!as!the!half!saturation!constant,!and!Vmax!(µmol!L?1!s?1)!!is!the!maximum!reaction!velocity.!The!quantity!Vmax!is!also!equal!to!the!product!of!the!enzyme!concentration!E!(µmol!L?1)!and!a!constant!known!as!the!catalytic!turnover!number!kcat!(s?1).!Equation!1!is!plotted!in!Figure!8.!!!
! The!constants!Km!and!kcat!are!determined!experimentally!and!are!the!characteristic!constants!that!describe!enzyme!kinetics.!A!fixed!amount!of!enzyme!is!reacted!with!different!concentrations!of!substrate.!The!initial!rate!of!reaction!is!linear!and!the!constants!Km!and!kcat!are!determined!by!a!fit!to!Equation!1.!As!can!be!seen!in!Figure!8,!Km!corresponds!to!the!substrate!concentration!needed!to!achieve!half!the!maximum!reaction!velocity.!The!
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Figure'8:'MichaelisCMenten'Equation'!Function!describing!how!the!initial!reaction!rate!Vi!changes!as!a!function!of!the!initial!substrate!concentration![ClO2?].!The!parameter!Vmax!is!shown!by!the!dashed!line!and!the!substrate!concentration!corresponding!to!Km!is!shown!by!the!dotted!line.!
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catalytic!turnover!number,!kcat,!represents!how!fast!the!enzyme!can!convert!substrate!to!product,!i.e.!the!number!of!turnovers!possible!per!second.!The!ratio!kcat!Km?1!is!known!as!catalytic!efficiency!and!has!a!diffusion!controlled!limit!of!108?109!(M?1!s?1)!that!is!known!as!catalytic!perfection.!! Previously!published!steady!state!kinetics!for!Cld!are!summarized!in!Table!1.!These!kinetic!results!are!not!directly!comparable!because!the!assay!conditions!varied.!To!identify!a!Cld!that!is!optimally!suited!for!water!treatment!a!head?to?head!comparison!at!environmentally!relevant!conditions!needs!to!be!performed.!! The!kinetic!values!in!Table!1!also!highlight!the!distinguishing!feature!of!Cld?like!enzymes.!Cld!from!Thermus!thermophilus!is!a!canonical!example!of!the!Cld?like!family!in!that!it!lacks!the!key!catalytic!arginine!residue!(Arg!173).!In!the!sequence!of!Cld!from!T.2
thermophilus!a!glutamine!is!found!at!the!analogous!position!to!Arg!173.!The!lack!of!this!arginine!is!likely!responsible!for!a!kcat!that!is!2?4!orders!of!magnitude!lower!and!a!Km!that!is!2?4!orders!of!magnitude!higher!than!Clade!1!and!Clade!2!members![75].!Also,!the!kinetics!of!Clade!1!enzymes!that!have!a!mutated!Arg!173!show!kinetics!very!similar!to!the!native!form!of!Cld!from!T.2thermophiles![76]![72].!Therefore,!Clade!1!and!2!are!sometimes!referred!to!as!“highly!active”!Clds!due!to!their!rapid!kinetics!and!presence!of!Arg!173.!!!There!is!one!large!discrepancy!in!the!previously!published!kinetic!constants!for!Cld.!One!study!of!Cld!from!Ca.2Nitrospira!defluvii!found!a!kcat!and!Km!of!960!s?1!and!15,800!µM!respectively![68],!while!a!later!study!found!kcat!and!Km!of!35!s?1!and!60!µM!respectively![69].!It!should!be!noted!that!both!studies!independently!cloned!the!Cld!gene!from!Ca.!Nitrospira!defluvii.!The!later!study!attributed!the!significant!discrepancy!to!differences!in!the!method.!The!initial!study!tested!substrate!concentrations!up!to!150!mM![68],!while!the!later!study!restricted!analysis!to!1!mM!of!substrate!or!less![69].!The!authors!of!the!second!study!argued!that!1mM!was!a!more!realistic!to!in2vivo!concentrations!and!thus!their!results!were!more!accurate!to!the!function!of!the!enzyme!in!the!natural!environment.!!!
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!
Table'1:'Kinetic'Constants'of'Purified'Clds'and'Selected'Mutants'
Host'Species' Km'(µM)' Kcat'(sC1)' Sequence'
Temp'
(°C)' pH' Ref.'
Nitrobacter2
winogradskyi2 90! 190! WT*! 30! 7.0! [67]!
Ideonella2dechloratans2 260! 1800! WT! 25! 7.0! [63]!
Dechloromonas2
aromatica!RCB! 215±25! 7550±330! WT! 4! 6.8! [64]!
Dechloromonas2
aromatica!RCB! 300! 6000! WT! 4! 6.8! [72]!
Dechloromonas2
aromatica!RCB! 14,660±4,300! 91±6! R183A**! 4! 6.8! [72]!
Pseudomonas2
chloritidismutans2 80! 230! WT! 25! 6! [77]!
Thermus.2
thermophilus2 13,000! 0.77! WT! 25! 7! [75]!
Azospira.2oryzae!GR?1! 170! 1200! WT! 30! 7.2! [78]!
Ca.!Nitrospira!defluvii! 58±37! 35! WT! 30! 7.0! [69]!
Ca.!Nitrospira!defluvii! 69±6! 43! WT! 30! 7.0! [76]!
Ca.!Nitrospira!defluvii! 898±138! 14! R173A**!! 30! 7.0! [76]!
Ca.2Nitrospira2defluvii2 15,800! 960! WT! 25! 6.0! [68]!*WT!stands!for!“Wild!Type”!enzyme!with!no!mutations,!identical!to!that!found!in!nature.!**X#Y!notation!indicates!a!synthetic!mutation!where!residue!X!at!position!#!is!replaced!by!residue!Y.!Letters!represent!the!standard!1?letter!amino!acid!codes.!R183!in!D.2aromatica!and!R173!in!Ca.!N.2defluvii!are!analogous!residues.!!
Stability(The!stability!of!enzymes!plays!a!key!role!in!determining!their!applicability!to!any!ex2
vivo!application.!In!general,!enzyme!stability!is!broken!down!into!two!types:!long!term!(shelf!life)!and!operational!stability,!i.e.!longevity!during!active!operation.!This!discussion!will!focus!on!shelf!life!and!next!section!will!focus!on!operational!stability.!Understanding!the!stability!of!Cld!will!impact!the!production!and!manufacturing!practices!that!will!eventually!be!developed.!In!particular,!a!long!shelf!life!is!vital!because!if!the!enzyme!is!not!stable!enough!to!transport!large?scale!manufacturing!and!distribution!will!be!virtually!impossible.!!!
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In!general,!two!basic!mechanisms!govern!the!loss!of!activity:!thermodynamic!and!kinetic.!Thermodynamic!inactivation!can!be!reversible!and!is!the!result!of!unfolding!(denaturing)!of!the!protein!structure.!This!unfolding!results!in!a!loss!of!activity!because!3D!structure!is!key!to!an!enzyme’s!function.!Unfolding!can!also!be!irreversible.!This!typically!occurs!when!proteins!aggregate!and!precipitate!out!into!a!solid!phase.!Kinetic!inactivation!is!generally!irreversible!and!is!the!result!of!chemical!and/or!biochemical!changes!to!molecular!structure.!For!instance,!proteins!can!undergo!oxidative!damage!(chemical)!or!be!broken!down!by!enzymes!known!as!proteases!(biochemical).!Both!thermodynamic!and!kinetic!stability!are!influenced!by!environmental!conditions!such!as!temperature,!pH,!and!solution!composition.!!! There!are!many!methods!of!stabilizing!enzymes.!One!method!of!stabilizing!proteins!is!to!reduce!the!storage!temperature!to!prevent!unfolding!and!slow!down!damaging!chemical!processes.!Another!common!method!of!extending!shelf!life!is!the!addition!of!stabilizing!agents;!a!prime!example!is!glycerol,!which!is!a!widely!used!biological!stabilizing!reagent![79].!Another!approach!to!stabilization!is!to!embed!enzymes!in!polymeric!materials!or!attach!them!to!a!solid!surface![80].!These!attachment!approaches!provide!structural!support!to!the!enzyme.!A!final!mechanism!of!stabilization!is!genetically!engineering!the!enzyme!to!enhance!stability!under!a!variety!of!conditions![80].!!! Some!information!about!the!thermostability!of!different!Clds!is!available!and!suggests!that!differences!in!stability!can!be!linked!to!differences!in!quaternary!structure.!Cld!from!Candidatus2Nitrospira!defluvii!(Clade!1)!was!found!to!have!a!melting!point!of!92!°C![81].!This!is!the!temperature!at!which!the!enzyme!loses!its!3D!structure!and!unfolds.!In!comparison,!Cld!from!Nitrobacter2winogradskii,!a!Clade!2!member,!has!a!melting!point!of!52!°C![81].!This!narrow!comparison!suggests!the!possibility!general!differences!in!stability,!but!more!investigation!is!required.!!
Catalytic(Inactivation(Most!heme!peroxidase!are!known!to!undergo!a!process!of!substrate?mediated!catalytic!inactivation,!meaning!that!they!lose!function!after!a!limited!number!of!reactions.!
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For!example,!horseradish!peroxidase!is!an!enzyme!that!can!oxidize!many!substrates!in!the!presence!of!hydrogen!peroxide.!However,!in!the!presence!of!excess!hydrogen!peroxide,!horseradish!peroxidase!undergoes!a!series!of!reactions!that!damage!the!heme!cofactor,!resulting!in!the!release!of!iron!and!permanent!loss!of!function![82].!Interestingly,!some!mammalian!peroxidases!have!specialized!heme!binding!residues!that!appear!to!prevent!this!type!heme!damage![83,!84].!!! Like!heme!peroxidases,!Cld!appears!to!be!susceptible!to!catalytic!inactivation.!Multiple!investigations!of!different!Cld!homologs!have!documented!this!phenomenon![26,!62,!64,!67],!although!only!one!study!has!quantified!this!process.!Cld!from!Dechloromonas2
aromatica2RCB!inactivates!after!17,000!turnovers![64].!The!number!of!turnovers!that!Cld!can!perform!prior!to!inactivation!is!known!as!the!maximum!theoretical!turnover!number!(MTTN).!Like!other!peroxidaes,!inactivation!has!been!observed!to!occur!concurrently!with!complete!heme!bleaching,!i.e.!loss!of!the!iron!from!the!heme!cofactor![62].!It!has!recently!been!proposed!that!the!intermediate!hypochlorite!ion!has!a!small!probability!of!escaping!confinement.!This!hypochlorite!can!damage!key!catalytic!residues!or!the!heme,!thereby!resulting!in!inactivation![62].!This!process!is!in!line!with!reaction!Mechanism!A.!On!the!other!hand,!one!classic!inactivation!mechanism!for!other!heme!dependent!peroxidases!proceeds!through!the!intermediate!that!would!be!formed!in!Mechanism!B![82].!Still,!the!understanding!of!the!catalytic!inactivation!process!in!Cld!is!limited,!thus!it!remains!to!be!seen!if!some!Cld!homologs!are!protected!from!inactivation!
Goals%of%this%Work%My!aim!was!to!mine!the!diversity!of!Cld!homologs!to!further!the!development!of!an!effective!enzymatic!treatment!process.!My!approach!was!to!characterize!a!diverse!set!of!Clds!and!identify!a!homolog!that!is!well!suited!for!water!treatment.!I!first!assembled!a!diverse!set!of!Clds!and!then!performed!a!head?to?head!comparison.!An!optimal!Cld!was!then!selected!from!this!analysis.!This!task!required!formulating!several!metrics!by!which!to!compare!the!different!homologs.!The!three!metrics!focused!on!in!this!work!were!enzyme!kinetics,!shelf!life!and!catalytic!inactivation.!!!
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I!obtained!and!tested!a!group!of!7!Clds!homologs.!Of!these!homologs!4!were!obtained!by!growing!native!bacteria!and!the!remaining!3!were!expressed!heterologously!in!
E.2coli.!Following!analysis,!one!Cld!homolog!was!identified!with!ideal!characteristics!for!water!treatment:!favorable!reaction!kinetics!and!a!substantially!longer!catalytic!life.!Additionally,!long?term!stability!studies!found!a!general!trend!of!exceptional!shelf!life!for!all!Clds!stored!as!unpurified!protein!fractions.!Using!two!different!methodologies!I!replicated!previous!work!in!quantification!of!the!MTTN!for!D.2aromatica!and!tested!an!additional!6!Cld!homologs.!My!results!found!that!Cld!from!Ideonella2dechloratans!had!a!significantly!longer!catalytic!life.!To!date,!this!homolog!is!the!leading!candidate!for!enzymatic!perchlorate!treatment.!Additionally,!these!results!provide!a!starting!point!for!further!optimization!of!Cld!through!protein!engineering!techniques.!!! %
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CHAPTER%2%–%Materials%and%Methods%Some!of!the!methods!used!in!this!work!were!based!on!standard!biological!techniques!that!are!described!in!Molecular2Cloning:2A2Laboratory2Manual,!2ed!Edition.!Ed.!Sambrook,!Fritsh,!and!Maniatis![85].!Throughout!this!chapter,!specific!protocols!will!be!referenced!as!MC!Chapter!X,!Pages!YY.ZZ!followed!by!the!citation.!
Chemicals%and%Stock%Solutions%%The!important!chemicals!and!reagents!used!in!this!work!are!listed!in!Table!2.!A!list!of!the!components!and!recipes!for!the!buffers!referenced!in!this!chapter!can!be!found!in!Table!3.!A!detailed!casting!procedure!for!SDS–PAGE!gels!can!be!found!in!Table!4.!A!standard!description!of!the!SDS?PAGE!procedure!can!be!found!in!MC!Chapter!18!Pages!18.47?18.55![85].!
Table'2:'Important'Reagent'Information'
Chemical/Reagent' Details' Vendor' Product'#'IPTG! ! Research!Product!International!Corp! I56000!Hemin! 98%!Porcine! Acros! 34596!Sodium!Chlorite! 80%! Amersco! N819!Acrylamide/Bis! 40%,!19:1! BioRad! !TEMED! ! BioRad! !Sodium!dodecyl!sulfate!(SDS)! Electrophoresis!Grade! Fisher! !CN/DAB!Substrate!Kit! ! Pierce! 34000!Pre?Diluted!Protein!Assay!Standards:!Bovine!Serum!Albumin!(BSA)!Set! ! Pierce! 23208!BCA!Protein!Assay!Kit! ! Pierce! 23225!QIAquick!PCR!Purification!Kit! ! Qiagen! 28104!Chloride!Standard! 1000ppm!Cl?1! Van!London?pHeonix! CLOAS02!Ionic!Strength!Adjuster! 5!M!NaNO3! Van!London?pHeonix! CLOIS01!ISE:!Chloride! ! Van!London?pHeonix! CLO1502!Precision!Plus!ProteinTM!Kaleidoscope! ! BioRad! 161?0375!
'
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Table'3:'Buffer'Formulations'and'Recipes'
50'mM'PB'pH'6.0'
Component' Per'L' Concentration'NaH2PO4?H2O! 6!g! 43!mM!Na2HPO4?7H2O! 1.6!g! 6.0!mM!
10'mM'PB'pH'7.0'
Component' Per'L' Concentration'NaH2PO4' 0.61!g' 5.1!mM'Na2HPO4' 0.69!g' 4.9!mM'
SDS'Page'Loading'Buffer'2X'
Component' Per'10'mL' Concentration'0.5!M!Tris?HCl!pH!6.8' 2.5!mL' 125!mM'10%!SDS' 4!mL' 4%'Glycerol' 2!mL' 20%'Bromophenol!blue!0.1%' 0.5!mL' 0.005%'
Notes:'Add!purified!water!to!reach!10!mL.'
Tris/Glycine'SDS'Page'Running'Buffer'10X'
Component' Per'Liter' Concentration'Tris!Base' 30.2!g' 250!mM'Glycine' 144!g' 1.92!M'SDS' 10!g' 1%!SDS'
Notes:'Dilute!100!mL!of!10X!into!900!mL!purified!water!to!make!1X!running!buffer.'
10'mM'TE'pH'8.0'
Component' Per'L' Concentration'Tris!Base' 1.21!g' 10!mM'EDTA!from!0.5!M!Stock' 2!mL' 1!mM'
Notes:'Adjust!pH!to!8!with!HCl.'
Towbin'(Transfer)'Buffer'
Component' Per'Liter' Concentration'Tris!Base' 3.03!g' 25!mM'Glycine' 14.4!g' 192!mM'Methanol' 200!mL' 20%'
Notes:'Dissolve!solids!into!500!mL!of!purified!water,!add!methanol,!and!then!fill!to!1!L.'
TBS'10X'(TBST'precursor)'
'
Component' Per'Liter' Concentration'Tris!base' 24!g' 200!mM'NaCl' 88!g' 1.5!M'
Notes:'Adjust!pH!7.6!with!HCl.!Prepare!1X!TBS!by!dissolving!100!mL!of!10X!stock!into!900!mM!purified!water.!Add!1!mL!of!Tween!to!1!L!TBS!to!make!TBST.'
LB'Media'
Component' Per'Liter' Concentration'NaCl! 5!g! 5!g!L?1!Yeast!Extract! 5!g! 5!g!L?1!
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Table!3!(cont.)! ! !Tryptone! 10!g! 10!g!L?1!
Notes:'To!make!1.5%!LB!agar,!15!g!of!solid!agar!is!added!per!liter!prior!to!autoclaving.!
0.5'M'TrisCHCl'pH'6.8'
Component' Per'Liter' Concentration'Tris!Base' 60.5!g' 0.5!M'
Notes:'Adjust!pH!to!6.8!with!HCl.'
1.5'M'TrisCHCl'pH'8.8'
Component' Per'Liter' Concentration'Tris!Base' 182!g' 1.5!M'
Notes:'Adjust!pH!to!8.8!with!HCl.'
0.5'M'EDTA'
Component' Per'Liter' Concentration'EDTA?Na2! 186!g! 0.5!M!
Notes:'Dissolve!in!800mL!of!purified!water,!Adjust!pH!to!8.0!w/NaOH.!Fill!to!1!L,!and!sterilize.'
50'mg'mLC1'Hemin'Stock'
Component' Per'100'mL' Concentration'Hemin! 5!g! 50!mg!mL?1!NaOH! 0.4!g! 100!mM!EtOH! 10!mL! 10!%!
Notes:'Dissolve!components!in!10!mL!of!purified!water.!Adjust!volume!to!100!mL!and!then!filter!sterilize!through!0.2!µm!filter.!Store!at!4!°C.''!! '
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Table'4:'Recipes'for'SDSCPAGE'Gels'
12%'Resolving'Gel'Recipe'
Component' Per'20'mL''(4'Gels)' Concentration'Purified!Water! 8.654!mL! N/A!40%!Acrylamide/Bis! 6!mL! 12!%!1.5!M!Tris?HCl!pH!8.8! 5!mL! 357!mM!10%!SDS! 0.2!mL! 0.1%!10%!APS! 0.12!mL! 0.06%!TEMED! 0.026!mL! 0.13%!
Notes:'Gently!mix!water,!acrylamide,!buffer!and!SDS!in!50mL!tube!by!inverting.!Quickly!add!APS!and!TEMED!and!invert!to!mix.!As!quickly!as!possible!distribute!mixture!into!gel!forms.!
For212%2only2gel:2fill!completely!to!top!of!form,!insert!comb!and!fill!reservoir.!
For2stacked2gel:2Do!not!fill!to!top!of!form,!leave!2?3cm!of!headspace.!Immediately!after!adding!mixture,!layer!100%!isopropanol!on!top!polymerization!mixture!to!create!a!sharp,!level!interface.!Wait!45min!for!polymerization!to!complete.!
5%'Stacking'Gel'Recipe'
Component' Per'10mL''(4'Gels)' Concentration'Purified!Water' 6.26!mL' N/A'40%!Acrylamide/Bis' 1.05!mL' 5%'0.5M!Tris?HCl!pH!6.8' 2.5!mL' 125!mM'10%!SDS' 0.1!mL' 0.1%'10%!APS' 0.05!mL' 0.05%'TEMED' 0.04!mL' 0.4%'
Notes:'To!make!layered!gel:!Remove!isopropanol,!rinse!with!DIW!and!dry.!Mix!reagents!similarly!to!resolving!gel.!Quickly!fill!remaining!space!in!form,!insert!comb!and!fill!reservoir.!Wait!45!min!for!polymerization.!Remove!gel!from!stand!and!rinse!glass!with!DIW!to!remove!excess!gel.!Wrap!each!gel!in!wet!paper!towel!and!wrap!stack!with!plastic!wrap.!Store!in!4!°C!at!least!overnight!to!ensure!the!mixture!and!completely!set.!Gels!older!than!1!week!should!be!discarded.!!!
Strains%and%Plasmid%Clds!were!obtained!by!growing!native!bacterial!strains!or!by!expressing!recombinant!plasmids!in!E.2coli2BL21!(DE3)2.!All!native!Cld!expressing!bacterial!strains!were!obtained!from!ATCC,!see!Table!5.!Expression!plasmids!(see!Table!6)!for!Candidatus!Nitrospira!defluvii!and!Nitrobacter2winogradskyi!were!obtained!from!Dr.!Holger!Daims!(University!of!Vienna)!and!a!plasmid!expressing!Ideonella2dechloratans!was!obtained!from!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!2!E.2coli!BL21!(DE3)!was!used!throughout!this!work.!All!references!to!“E.2coli”!refer!to!this!strain.!
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Dr.!Maria!Rova!(Karlstat!University).!!Electrocompetent!cells!were!prepared!per!the!recommendations!the!manufacturer!of!the!MicroPulserTM!Electroporator!(BioRad)!electroporation!apparatus.!All!plasmids!were!transformed!into!electrocompetent!E.2coli!cells!following!the!manufacturers!instructions!(BioRad)!for!an!E.2coli!transformation!using!0.1!cm!electroporation!cuvettes.!!!
Table'5:'Native'Bacterial'Strains'
Bacteria' ATCC'#' Notes'
Magnetospirillum2bellicus!VDY! BAA?1730! Listed!as!Dechlorospirillum2bellicus!
Azospira2oryzae!GR?1! BAA?777! Listed!as!Unidentified!bacterium!
Dechloromonas2aromatica2RCB! BAA?1848! !
Azospira2oryzae!PS! BAA?33! !!
Table'6:'Plasmids'Used'for'Recombinant'Cld'Expression'
Species' Backbone' Drug'Resistance' Reference' Source' Notes'
Azospira2oryzae!PS2 pET51b! Ampicillin! This!work! ! !
Candidatus!Nitrospira!defluvii! pET21b! Ampicillin! [68]! Dr.!Holger!Daims! !
Nitrobacter2
winogradskyi2 pET21b! Ampicillin! [67]! Dr.!Holger!Daims! !
Ideonella2
dechloratans2 pET3a! Ampicillin! [86]! Dr.!Maria!Rova! !
Thermus2
thermophilus2 pET11a! Ampicillin! [75]! RIKEN!BRC! Product!#:!TTHA1485!!
Growth/Expression%and%Isolation%of%Cld%
Growth(of(Native(Bacteria(Native!bacterial!strains!were!grown!on!a!modified!mineral!media,!as!recently!described![61].!A!full!description!of!the!media!can!be!found!in!Table!7,!it!was!identical!to!the!published!method!with!the!following!exceptions:!AlK(SO4)2?12H2O!and!H3BO3!were!supplemented!to!a!final!concentration!of!0.1!mg!L?1,!and!Magnetospirillum2bellicus!VDY!was!grown!in!media!without!yeast!extract,!and!sodium!chlorate!(NaClO3)!was!used!as!an!electron!acceptor!instead!of!perchlorate.!Custom!5!L!anaerobic!bottles!containing!2.5!L!of!
! 29!
media!were!sterilized!for!30!min!at!121!°C.!Immediately!following!sterilization,!the!bottles!were!sealed!with!rubber!stoppers,!and!the!headspace!was!exchanged!3!times!with!80%!N2/20%!CO2!in!the!following!manner.!First,!a!vacuum!was!pulled!for!15!min!in!the!bottle!by!inserting!a!needle!through!rubber!stopper!while!under!vacuum!from!the!house!supply.!Next,!the!anaerobic!gas!mixture!was!filtered!through!a!sterile!0.2!µm!syringe!filter!and!introduced!into!the!bottle!with!a!needle.!Anaerobic!gas!was!introduced!for!another!15!min.!This!process!was!then!immediately!repeated.!After!the!final!addition!of!the!gas!mixture,!the!bottles!were!pressurized!to!10!psi.!The!media!was!then!allowed!to!cool!to!below!40!°C!prior!to!inoculation!with!10!mL!of!frozen!inoculum!in!10%!glycerol!that!had!been!thawed!on!ice.!Growth!was!carried!out!at!30!°C!with!constant!shaking!at!150!rpm!until!the!optical!density!(OD)!at!600!nm!(OD600)!was!between!0.5!and!0.6.!Typically,!anaerobic!cultures!took!between!48!and!72!hrs!to!reach!the!target!OD.!If!the!frozen!inoculum!cultures!were!anaerobic,!growth!tended!to!take!48!hrs,!but!if!the!starter!inoculum!came!from!an!aerobic!culture,!growth!was!closer!to!72!hrs.!! The!10!mL!inoculum!used!to!inoculate!2.5!L!cultures!were!prepared!from!cultures!that!were!started!with!samples!from!ATCC!(See!Appendix!A).!First,!1!mL!of!100%!glycerol!was!added!to!Balch?type!anaerobic!culture!tubes!and!the!headspace!was!exchanged!with!80%!N2/20%!CO2!for!15!min.!The!tubes!were!stoppered,!sealed,!and!then!sterilized!for!20!min!at!121!°C.!Once!cooled,!these!tubes!were!filled!with!9!mL!of!starter!culture,!mixed!vigorously,!and!then!stored!at!?80!°C.!!! '
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Table'7:'Modified'RTS'Media'
RTS'Media'Component' Per'Liter'TES!Buffer! 4.58g!NaHCO3! 1g!Yeast!Extract! 1g!NaCH3COOH! 2g!NaClO3! 1g!RTS!Mineral!Solution! 20mL!RTS!Vitamin!Solution! 10mL!RTS!Trace!Metal!Solution! 10mL!
RTS'Mineral'Solution'Components' Per'Liter'NaCl! 40g!NH4Cl! 50g!KCl! 5g!KH2PO4! 5g!MgSO4?7H2O! 10g!CaCl2?H2O! 1g!
RTS'Trace'Metal'Solution'Components' Per'Liter'Nitrilotriacetic!acid!(pH6!w/KOH)! 2g!MnSO4?2H2O! 1g!Fe(NH4)2(SO4)2?6H2O! 0.8g!CoCl2! 0.2g!ZnSO4?6H2O! 0.2g!CuCl2?2H2O! 0.02g!NiCl2?6H2O! 0.02g!NaSeO4! 0.02g!NaWO4! 0.02g!NaMo4?2H2O! 0.02g!AlK(SO4)2?12H2O! 0.01g!H3BO3! 0.01g!
RTS'Vitamin'Solution'Components' Per'Liter'Pyridoxine!HCL! 0.01g!Riboflavin! 0.005g!Calcium!Pantothenate! 0.005g!PABA! 0.005g!Thioctic!acid! 0.005g!Nicotinic!acid! 0.005g!Biotin! 0.002g!Folic!acid! 0.002g!Vitamin!B12! 0.005g!
Notes:'Prepare!RTS!Media,!Mineral!Solution,!and!Vitamin!solutions!by!dissolving!components!into!nano?purified!water.!Prepare!Trace!Metal!solution!by!first!dissolving!nitrilotriacetic!acid!by!slowly!adding!KOH!until!solution!becomes!clear!!
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Table!7!(cont.)!and!pH!reaches!6.0.!Then!the!Mineral,!Vitamin,!and!Trace!Metal!solutions!were!not!individually!sterilized!and!were!stored!at!4!°C!in!the!dark.!The!complete!RTS!media!is!sterilized!after!preparation.!!
Growth(of(E.(coli(All!the!expression!plasmids!used!in!this!work!utilized!the!Bacteriophage!T7!Promoter!system.!A!description!of!the!T7!system!and!expression!methods!can!be!found!in!MC!Chapter!17!Pages!17.15?17.16![85].!Expression!of!heterologous!Cld!in!E.2coli!has!been!previously!described![68,!86].!The!method!used!in!this!work!was!adapted!from!these!previous!reports.!The!inoculum!train!for!heterologous!production!began!by!streaking!E.2coli!carrying!a!Cld!expression!plasmid!onto!sterile3!Lennox!Luria!Broth!(LB)!agar!plates!containing!50!µg!mL?1!of!Carbenicillin!or!Ampicillin.!These!plates!were!grown!overnight!at!37!°C.!Starter!cultures!were!inoculated!by!transferring!a!single!colony!into!10!mL!of!sterile!LB!containing!50!µg!mL?1!of!Carbenicillin!or!Ampicillin!in!125!mL!flasks.!These!cultures!were!also!allowed!to!grow!overnight!at!37!°C!shaking!at!175!rpm.!!Production!cultures!of!500!mL!of!sterile!LB!media!containing!50!µg!mL?1!of!Carbenicillin!or!Ampicillin!in!2!L!flasks!were!inoculated!with!5!mL!starter!culture!and!grown!until!the!OD600!was!approximately!1.0.!Expression!was!induced!with!0.4!mM!of!IPTG,!and!at!the!same!time!the!medium!was!supplemented!with!hemin!from!a!sterile!filtered!stock!solution!to!a!final!concentration!of!0.5!mg!L?1.!Cultures!were!then!allowed!to!express!overnight!(~18!hrs)!at!37!°C!shaking!at!175!rpm!and!were!harvested!in!the!morning.!!
Generation(of(Soluble(Protein(Fractions((The!methodology!followed!to!generate!soluble!protein!fractions!containing!Cld!has!been!previously!described![61].!All!cultures!(either!native!bacterial!strains!or!E.2coli!production!cultures)!were!harvested!by!centrifugation!at!4!°C!at!5000!x!g!for!15!min!in!500!mL!plastic!centrifuge!bottles.!The!resulting!cell!pellets!were!resuspended!in!50!mM!PB!at!pH!6.0!and!all!pellets!from!the!same!bottles!were!mixed!in!a!pre?tared!50!mL!plastic!centrifuge!tube.!This!tube!was!centrifuged!again!at!4!°C!and!5000!x!g!for!15!min.!The!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!3!The!LB!agar!and!125!mL!flasks!were!sterilized!for!20!min!at!121!°C!and!the!2!L!flasks!were!sterilized!for!30!min.!
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supernatant!was!decanted,!the!wet!weight!of!the!cell!pellet!was!recorded,!and!the!cell!pellet!was!either!frozen!at!?80!°C!or!immediately!processed!through!soluble!protein!extraction.!! If!necessary,!harvested!pellets!were!thawed!on!ice,!then!2!mL!of!cold!50!mM!PB!was!added!per!gram!of!wet!cell!mass.!DNase!was!then!added!to!a!final!concentration!of!0.1!mg!L?1.!Cell!suspensions!were!lysed!with!a!probe!sonicator!(Fisher!Scientific!Model!500),!fitted!with!a!Branson!Tip!(Model!101?148?070).!Sonication!was!carried!out!with!each!tube!suspended!in!an!ice!water!bath.!Each!sample!was!exposed!to!three!5!min!cycles!consisting!ofintermittent!pulses!lasting!3!s!with!2!s!between!pulses.!Samples!were!allowed!to!rest!for!at!least!5!min!on!ice!between!cycles.!The!sonicator!was!set!to!a!maximum!amplitude!of!30%.!Following!lysis,!large!cell!debris!was!removed!with!a!20!min!centrifugation!at!16,100!x!g!at!4!°C.!The!red!tinted!supernatant!was!then!fractionated!by!ultracentrifugation!at!140,000!x!g!for!1!hr!at!4!°C!in!a!Beckman?Coulter!ultracentrifuge.!After!fractionation,!three!phases!were!visible.!The!bottom!was!a!solid!phase!contained!of!cellular!debris,!the!upper!clear!phase!contained!lipids,!and!the!large!middle!phase!contained!all!soluble!proteins.!This!middle!phase!was!extracted!carefully!using!a!glass!pipette.!Glycerol!was!added!to!the!soluble!protein!fraction!to!a!concentration!of!10%!v/v!and!aliquots!were!stored!at!?80!°C.!
Cloning%and%Purification%of%Cld%The!general!process!of!cloning!bacterial!genes!for!protein!expression!can!be!in!found!in!MC!Chapter!1,!Pages!1.53?1.84![85],!and!sequence!details!are!provided!in!Figure!9.!The!gene!sequence!encoding!for!Cld!in!Azospira2oryzae!PS!was!extracted!from!the!complete!genome!sequence!(GenBank!accession!no.!CP003153)!and!analyzed!with!SignalIP!4.1!to!identify!the!region!encoding!for!the!fully!mature!Cld.!Forward!(5’?TCTGGATCCGCAGCAGGCAATGCAACCC)!and!reverse!(5’?GATGTCGACTTAATCGGCTAGCGCCTTG)!primers!were!then!designed!for!the!sequence!encoding!for!the!mature!protein,!i.e.!without!the!signal!peptide.!Previous!attempts!to!heterologously!express!the!full!length!(with!signal!peptide)!Cld!in!E.2coli!did!not!result!in!a!functional!enzyme![68].!Genomic!DNA!from!Azopira2oryzae2PS,!extracted!with!the!FastDNA!Spin!Kit!(Molecular!Probes),!was!the!template!DNA!for!PCR!amplification.!The!Cld!sequence!was!amplified!though!30!cycles!of!PCR!in!a!50!µL!reaction!using!GoTaq!Green!Master!Mix!
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(Promega)!using!100!ng!of!DNA!and!0.1!µM!of!each!primer.!The!resulting!fragment!was!purified!using!a!QIAquick!kit!(Qiagen).!The!fragment!and!the!vector!(pET!51b)!were!separately!digested!with!SalI!(NEB)!and!BamHI!(NEB)!in!a!50!µL!reaction!buffered!with!NEBuffer!3.1!and!containing!100!U!of!each!restriction!enzyme!and!1!µg!of!DNA.!Digestion!was!conducted!for!15!min!at!37!°C.!!The!digestion!reactions!were!terminated!via!purification!with!the!QUAquick!system.!Ligation!was!performed!using!T4!DNA!Ligase!(NEB).!The!20!µL!ligation!mixture,!which!contained!1!µM!digested!vector,!1!µM!of!digested!fragment,!and!400!U!of!T4!ligase,!was!incubated!for!10!min!at!room!temperature.!Ligation!products!were!purified!using!the!QUAquick!system.!Digestion!and!ligation!were!monitored!using!DNA!electrophoresis!on!1%!agarose!containing!0.01%!GelRed!(Biotium)!for!nucleic!acid!detection.!Throughout!the!cloning!process,!DNA!concentration!was!quantified!with!the!Qubit®!dsDNA!BR!Assay!Kit!(Invitrogen)!following!the!manufacturer’s!instructions.!Upon!induction,!the!vector!would!produce!the!protein!sequence!MASWSHPQFEKGADDDDKVPDPQQ…,!where!the!underlined!sequence!encodes!a!Strep?Tag!II,!the!bold!sequence!represents!an!enterokinase!cleavage!site,!and!the!mature!Cld!sequence!begins!with!the!two!glutamine!residues.!A!map!of!the!final!plasmid!is!included!in!Figure!9.!The!ligated!vector!was!transformed!into!electrocompetent!E.2coli!cells!as!described!previously!in!the!Growth/Expression!section.!The!protein!expression!and!isolation!procedures!were!identical!to!those!described!in!previous!sections.!Cld!was!purified!from!the!soluble!protein!fraction!using!strep?tactin!sepharose!(IBA)!with!a!gravity!flow!column!following!the!manufacturers!instructions.!A!50%!suspension!of!step?tactin!sepharose!was!loaded!onto!a!gravity!flow!column!and!allowed!to!settle.!The!column!was!then!equilibrated!with!2!bed!volumes!of!wash!buffer!(IBA’s!Buffer!W!prepared!without!EDTA!to!preserved!Cld!activity).!Soluble!protein!fraction!was!loaded!onto!the!column!and!allowed!to!flow!through.!The!column!was!washed!5!times!with!1!bed!volume!of!wash!buffer.!The!bound!Cld!was!eluted!with!6!applications!of!0.5!bed!volumes!of!elution!buffer!(IBA’s!Buffer!E),!which!contains!1!mM!of!desthiobiotin.!!The!resin!was!regenerated!by!washing!3!times!with!5!bed!volumes!of!regeneration!buffer!(IBA’s!Buffer!R),!which!contains!1!mM!hydroxyl?axophenyl?
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benzoic!acid.!The!elution!buffer!was!exchanged!for!washing!buffer!and!the!wet!column!was!stored!at!4!°C.!The!purity!of!the!eluate!was!checked!via!SDS?PAGE!and!Coomassie!staining.!!
!
Cld Pro-protein sequence 
Met Thr Asn Ile Ser Ile Arg Ser Phe Lys Leu Ser Ler Ile Ala Thr Thr Ile   
ATG ACA AAC ATA TCA ATT CGC AGT TTC AAA TTG AGT CTC ATT GCC ACT ACT ATC  
 
Gly Ala Ala Ile Ala Met Ala Ser Ser Pro Val Val Ala Gln Gln Ala Met ...  
GGA GCG GCC ATA GCG ATG GCT TCC TCA CCT GTT GTA GCT CAG CAG GCA ATG ... 
 
Thr Leu Gly Thr Ile His Ser Pro Glu Asp Val Ile Lys Ala Leu Ala Asp *** 
ACG CTC GGC ACC ATT CAC TCT CCG GAA GAT GTG ATC AAG GCG CTA GCC GAT TAA 
Expression Sequence of pET 51b (+) Multiple Cloning Site 
Met Ala Ser Trp Ser His Pro Gln Phe Glu Lys Gly Ala Asp Asp Asp Asp Lys  
ATG GCA AGC TGG AGC CAC CCG CAG TTC GAA AAG GGT GCA GAT GAC GAC GAC AAG  
Val Pro Asp Pro Thr Ser Val Asp Lys Leu Ala Ala Ala Gly Ala ... 
GTA CCG GAT CCG ACG TCG GTC GAC AAG CTT GCG GCC GCA GGA GCT ...  
Forward Primer 
5’-TCT GGT ACC G CAG CAG GCA ATG CAA CCC 
                 Gln Gln Ala Met Gln Pro 
 
Reverse Primer 
5’-C AAG GCG CTA GCC GAT TAA GTCGAC ATC 
     Lys Ala Leu Ala Asp *** 
Tagged Cld Sequence in pET 51b (+) (31kD Peptide) 
Met Ala Ser Trp Ser His Pro Gln Phe Glu Lys Gly Ala Asp Asp Asp Asp Lys  
ATG GCA AGC TGG AGC CAC CCG CAG TTC GAA AAG GGT GCA GAT GAC GAC GAC AAG  
Val Pro Asp Pro Gln Gln Ala Met Gln ... Lys Ala Leu Ala Asp ***   
GTA CCG GAT CCG CAG CAG GCA ATG CAA ... AAG GCG CTA GCC GAT TAA GTC GAC 
T7!Promoter!(1170?1160)!
Cld!(1103?188)!f1!origin!(5422?6049)!
Amp!(4619?5477)!
ori!(3859)!
B'
E
C Figure'9:'Cloning'of'Cld'from!Azospira!oryzae!PS''A)!Gene!and!protein!sequence!encoding!for!pro?Cld.!Underlined!bases!correspond!to!signal!sequence!and!red!highlighted!sequence!overlap!with!primers.!B)!Expression!region!of!pET51!plasmid.!Blue!residues!represent!Strep?Tag!II,!bold!residues!mark!enterokinase!cleavage!site,!and!yellow!residues!bases!mark!restriction!sites!used.!C)!Primer!sequences!where!red!bases!are!overlap!with!mature!Cld!and!yellow!residues!are!restriction!sites.!D)!Sequence!of!tagged!Cld!that!will!be!expressed!by!the!plasmid.!E)!Map!of!final!plasmid!construct!containing!Cld!(rAoPSCld).!!
A'
C
D
B'
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The!Cld!construct!was!designed!such!that!the!N?terminal!Strep?Tag!II!could!be!removed!with!the!Enterokinase!(a!serine!protease).!The!process!of!optimizing!the!cleavage!reaction!is!discussed!in!Appendix!B.!Effective!cleavage!of!the!tag!was!never!accomplished.!!!!!
%Polyclonal%Antibody%Production%%A!broadly!reactive!antibody!that!recognizes!several!Cld!homologs!has!previously!been!generated!using!purified!Cld!from!Dechloromonas2aromatica2RCB![87],!but!was!not!available.!A!similar!approach!was!therefore!followed!using!purified,!recombinant!Cld!from!
Azospira2oryzae!PS.!Custom!polyclonal!antibodies!were!generated!by!Capralogics!(Hardwick,!MA).!An!84!day!production!protocol!was!initiated!by!injecting!two!New!Zealand!white!rabbits!with!500!µg!purified!Cld!conjugated!with!Complete!Freund’s!Adjuvant.!Booster!injections!occurred!on!days!21,!42,!and!63,!and!a!production!bleed!was!completed!on!day!73.!The!production!bleed!was!affinity!purified!against!purified!Cld.!Purified!IgG!were!stabilized!in!Tris/glycine!buffer!pH!7.6!containing!30%!glycerol,!and!0.05%!BSA.!Samples!were!aliquoted!and!stored!at!?20!°C!upon!arrival.!!
Protein%Quantification%Methods%
BCA(Assay(((The!total!protein!concentration!in!lysates!and!other!aqueous!solutions!was!quantified!with!the!bicinchoninic!acid!(BCA)!Protein!assay!kit!(Pierce).!The!BCA!assay!relies!upon!the!reduction!of!Cu2+!to!Cu+!by!peptide!bonds,!known!as!the!biuret!reaction,!and!the!chelation!of!Cu+!by!BCA!to!form!a!colored!product.!This!colored!product!can!be!detected!by!measuring!the!absorbance!at!562!nm.!To!quantify!protein!expression!the!intensity!of!the!absorbance!is!calibrated!with!a!standard!curve!generated!with!bovine!serum!albumen!(BSA).!!! In!this!work,!BCA!assays!were!conducted!in!96?well!plates!and!all!samples,!standard!curve!and!test!samples,!were!conducted!in!triplicate.!Test!samples!were!diluted!in!either!PB!or!nano?purified!water!to!ensure!they!to!fall!within!the!range!of!the!standard!curve.!The!8?point!standard!curve!contained!7!pre?diluted!assay!standards!(Pierce)!ranging!form!2,000!to!125!µg!mL?1!and!a!blank!sample!of!water!or!buffer,!depending!on!what!was!used!
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for!sample!dilution.!In!triplicate,!25!µL!of!sample!or!standard!was!added!to!the!plate.!Then,!per!the!manufacturers!instructions!for!the!BCA!assay!kit,!reaction!buffer!(kit!Reagent!A)!and!copper!solution!(kit!Reagent!B)!were!mixed!at!a!49:1!ratio.!After!mixing,!200!µL!of!this!mixture!was!added!to!each!sample!well!using!a!multichannel!pipetman.!The!plate!was!then!covered!with!a!lid!or!sealed!with!parafilm!and!placed!in!a!37!°C!incubator!for!40!min.!After!incubation,!the!absorbance!at!526!nm!was!measured!with!a!SpectraMAX!384!Plus!microplate!reader!(Molecular!Devices).!The!8?point!standard!curve!was!fitted!to!a!quadratic!equation.!!
Quantitative(Western(Blotting(As!mentioned!previously,!standard!methods!for!SDS?PAGE!can!be!found!in!MC!Chapter!18!Pages!18.47?18.55![85].!Additionally!standard!methods!of!western!blotting!can!be!found!on!MC!Chapter!18!Pages!18.64?18.75![85]!including!the!procedures!for!transferring!of!proteins!to!the!membrane,!staining!of!attached!proteins,!blocking,!and!antibody!binding.!The!protein!ladder!used!throughout!this!work!was!the!Precision!Plus!ProteinTM!Kaleidoscope!(BioRad)!Standard!with!markers!at!250,!150,!100,!75,!50,!37,25,!20,!15,!and!10!kD.!!Unknown!samples!for!quantitative!blotting!were!compared!against!a!5!point!standard!curve!of!0.01!µg,!0.05!µg,!0.1!µg,!0.15!µg!0.25!µg!of!purified!Cld!loaded!into!each!lane.!Prior!to!electrophoretic!separation,!samples!were!diluted!into!SDS!Loading!Buffer!and!heated!to!98!°C!for!5!min!in!a!heading!block.!Electrophoresis!was!conducted!with!a!Tris/Glycine!buffer!system!using!freshly!prepared,!stacked!gels!with!5%!sacking!gel!and!12%!resolving!gel.!Separation!was!conducted!at!a!constant!voltage!of!45!mV!until!the!dye!front!reached!the!end!of!the!stacking!gel,!after!which!the!voltage!was!increased!to!120!mV!for!the!remainder!of!the!run.!!! After!completion!of!electrophoresis,!gels!were!removed!from!the!glass!plates!and!briefly!rinsed!with!deionized!water!(DIW).!Gels!were!transferred!to!an!XCell!II!Blot!Module!(Invitrogen)!for!wet!transfer!in!cold!!(4!°C)!Towbin!buffer.!Gel/membrane!stacks!were!constructed!on!the!positive!electrode!as!follows:!spacers,!filter!paper,!gel,!membrane,!filter!
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paper,!spacer.!The!spacers,!filter!paper,!membrane,!and!gel!were!allowed!to!soak!in!transfer!buffer!prior!to!assembly.!Transfer!to!0.2!µm!nitrocellulose!membranes!(Pierce)!was!accomplished!through!2!hrs!of!transfer!at!25!mV,!during!which!time!the!module!was!cooled!with!ice!water.!!! Following!transfer,!the!membranes!were!blocked!for!30!min!in!TBST!with!5%!milk!at!room!temperature.!Purified!IgG!was!diluted!in!TBST+5%!milk!to!a!concentration!of!0.1!µg!mL?1!and!allowed!to!incubate!with!the!membrane!overnight!at!room!temperature!shaking!at!60!rpm.!Primary!antibody!was!removed!by!washing!three!times!with!TBST!for!5!min.!Goat?anti?rabbit!HRP!conjugated!IgG!(SCBT)!was!diluted!in!TBST!with!5%!milk!and!allowed!to!incubate!with!the!membrane!for!1!hr!at!RT.!Secondary!antibody!was!removed!by!washing!three!times!with!TBST.!Detection!was!performed!using!a!CN/DAB!Substrate!Kit!(Pierce)!according!to!manufacturer’s!instructions.!Gels!were!imaged!using!a!Gel!DocTM!XR+!System!(Biorad)!with!the!CCD!high?resolution!camera!under!white!light!illumination.!Band!analysis!was!conducted!with!the!gel!analysis!tools!in!ImageJ.!
Quantification(of(Total(Heme(The!concentration!of!heme!in!soluble!protein!fraction!was!measured!by!using!the!pyridine!hemeochrome!assay!developed!by!Berry!and!Trumpower![88].!The!exact!concentrations!and!solutions!used!were!as!follows.!A!solution!of!22.2!v/v%!pyridine!and!111!mM!NaOH!was!prepared.!Less!than!100!µL!of!soluble!protein!fraction!was!added!to!a!plastic!1!cm!path!length!cuvette!and!the!volume!was!adjusted!to!100!µL!with!purified!water.!Then,!3!µL!of!a!0.1!M!K3Fe(CN)6!was!added.!Just!before!measurement,!900!µL!of!the!pyridine!solution!was!added!to!make!a!solution!with!a!composition!of!20%!pyridine,!100!mM!NaOH,!3!µM!K3Fe(CN)6.!This!solution!was!mixed!by!inverting!and!the!uv?vis!spectrum!was!recorded.!Then,!10!µL!of!a!freshly!prepared!sodium!dithionite!stock!solution!(0.5!mg!µL?1)!was!added!to!the!cuvette!and!mixed!via!inversion.!The!reduced!spectrum!was!recorded!twice.!If!there!was!a!difference!between!the!two!reduced!spectra,!another!10!µL!of!dithionite!was!added!to!ensure!the!solution!was!completely!reduced.!The!spectrum!was!then!recorded!for!a!final!time.!The!heme!concentration!was!then!calculated!by!taking!the!difference!between!the!final!reduced!and!oxidized!spectra!and!applying!the!dual!
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wavelength!extinction!coefficient!of!24!mM?1!cm?1!at!either!556!and!540!nm!or!550!and!535!nm.!!
ISE%Cl%Probe%Assay%A!standard!Cld!activity!assay!was!developed!to!quantify!the!steady!state!kinetic!parameters!of!protein!fractions!containing!Cld.!!This!method!was!modeled!after!experiments!measuring!the!kinetics!of!chlorite!reduction!in!whole!cells!performed!by!Xu!and!Logan![89].!Kinetics!were!measured!by!following!product!formation!with!an!ion!selective!electrode!(ISE)!for!chloride!(pHeonix).!Data!were!collected!using!either!an!Orion!Versa!Star!bench!top!meter!or!a!National!Instruments!USB?6008!analog!input!module!and!a!custom!Matlab!data!collection!program.!(Code!can!be!found!in!Appendix!C)!Data!collection!rates!were!1!s!and!0.5!s!for!the!Orion!Meter!and!National!Instruments!reader!respectively.!The!probe!was!calibrated!daily!using!a!nine!point!standard!curve!ranging!from!1!to!1000!ppm.!Calibration!solutions!were!prepared!every!few!months!and!stored!at!4!°C.!A!full!description!of!calibration!curve!preparation!is!outlined!in!Table!8.!!
Table'8:'Standard'Curve'for'ISE'Calibration!
Solution' Concentration' Preparation'Ratio'A! 1000ppm! ISE!1000ppm!Standard!B! 750ppm! 3!Standard!:!1!DIW*!C! 500ppm! 1!Standard!:!!1!DIW!D! 250ppm! 1!Standard!:!3!DIW!E! 100ppm! 1!Solution!C!:!4!DIW!F! 50ppm! 1!Solution!C!:!9!DIW!G! 10ppm! 1!Solution!E!:!9!DIW!H! 5ppm! 1!Solution!F!:!9!DIW!I! 1ppm! 1!Solution!G!:!9!DIW!Van!London?pHeonix!Ionic!Strength!Adjuster!was!added!to!all!standards!to!a!ratio!of!1:50.!*Deionized!water!(DIW).'! Reactions!were!carried!out!in!25!mL!glass!bottles!that!were!continuously!stirred!at!room!temperature!(between!21!and!23!°C).!Final!reaction!volume!was!10!mL.!A!100!mM!stock!solution!of!the!substrate,!sodium!chlorite,!was!prepared!fresh!daily.!Reaction!mixtures!were!prepared!by!diluting!chlorite!stock!in!10!mM!PB!pH!7.0!to!final!concentrations!that!ranged!from!0.0!mM!to!5.0!mM.!Reactions!were!initiated!by!the!addition!of!soluble!protein!fraction;!typically!10?20!µL!of!protein!fraction!was!introduced.!
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After!induction,!the!chloride!concentrations!were!followed!for!a!minimum!of!30!s!to!capture!the!initial!linear!phase.!The!probe!was!rinsed!between!each!measurement!with!DIW!and!dried.!After!the!probe!was!inserted!into!a!new!bottle!measurement!was!allowed!to!stabilize!until!the!reading!showed!stable!fluctuations!of!±1%,!the!reported!error!of!the!probe.!!As!a!control,!the!probe!response!to!soluble!protein!fraction!in!the!absence!of!chlorite!was!recorded.!Typically!the!protein!fraction!accounted!for!a!response!of!0.2!ppm!or!less.!A!minimum!of!ten!chlorite!concentrations!was!used!to!determine!the!steady!state!Michaelis?Menten!parameters!of!Vmax!and!Km.!!! The!initial!reaction!rates!were!determined!by!using!a!least!squares!fit!to!the!linear!portion!of!the!reaction!curve!using!Origin!Lab!9.1.!These!initial!rates!were!then!used!plotted!against!initial!substrate!concentration!to!generate!a!Michaelis?Menten!plot.!The!parameters!Vmax!and!Km!were!determined!for!each!sample!by!fitting!this!data!to!the!Michaelis?Menten!equation!using!MATLAB’s!custom!curve!fitting!tool.!!
Shelflife%The!long?term!stability!of!the!various!Clds!was!determined!by!tracking!the!decrease!in!Vmax!of!samples!stored!at!room!temperature!(~22!°C)!or!in!a!refrigerator!(4!°C).!Room!temperature!was!measured!daily!and!fluctuated!between!21!and!23!°C.!A!few!samples!were!discarded!because!temperature!control!was!lost!over!a!period!of!several!days.!During!these!periods,!room!temperature!increased!to!28!°C.!No!measurements!were!taken!during!this!period,!and!data!from!these!samples!were!not!included!in!any!analysis.!Only!unfrozen!pellets!were!used!for!this!analysis!in!an!attempt!to!approximate!future!manufacturing!practices.!Following!harvest,!samples!were!immediately!taken!through!the!lysis!and!extraction!procedure.!Following!glycerol!addition,!the!resulting!soluble!protein!fraction!was!aliquoted!into!0.6!mL!microcentrifuge!tubes!and!sealed!with!parafilm.!!Each!tube!contained!sufficient!volume!to!perform!one!activity!measurement!and!excess!to!measure!protein!concentration.!Relative!changes!in!activity!were!normalized!to!the!Vmax!measured!on!the!first!day;!each!successive!test!was!conducted!by!sacrificing!an!aliquot.!
'
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Inactivation%Assays%Two!different!methods!were!used!to!quantify!the!maximum!theoretical!turnover!number!(MTTN).!The!two!methods!used!were!the!activity!decay!method!and!the!heme!bleaching!method.!Both!methods!are!described!in!this!section.!
Activity(Decay(Catalytic!inactivation!was!quantified!using!a!similar!method!to!that!described!by!Streit,!et.!al.![64].!Soluble!protein!fractions!were!exposed!to!chlorite!concentrations!between!0!and!200!mM;!reactions!were!adjusted!to!a!final!volume!of!5!mL!with!10!mM!PB!at!pH!7.0.!Reactions!were!conducted!at!room!temperature!and!continued!until!the!formation!of!bubbles!was!no!longer!detectable.!!Samples!were!buffer!exchanged!three!times!by!concentrating!the!sample!in!spin!filter!(Amicon,!10!kD!Cutoff).!After!the!first!two!cycles,!4!mL!of!fresh!buffer!was!added.!Following!the!spin,!the!concentrated!solution!was!removed!from!the!tube!and!the!volume!adjusted!to!roughly!the!volume!of!protein!fraction!used!in!the!reaction.!Volume!was!approximated!using!an!analytical!balance!using!the!rough!estimate!that!1!µL!=!1!µg.!!As!a!control!for!loss!of!protein,!the!total!protein!concentration!was!reassessed!with!the!BCA!assay!after!volume!adjustment.!The!100%!activity!reference!was!always!measured!from!a!protein!fraction!that!was!handled!identically!to!the!chlorite!exposed!samples!minus!the!addition!of!chlorite.!!Remaining!activity!of!each!sample!was!measured!via!the!ISE!probe!assay!discussed!above.!The!fraction!of!remaining!activity!was!plotted!against!the!molar!ratio!of!chlorite!to!Cld!as!to!determine!the!MTTN.!
Heme(Beaching(A!second!method!of!calculating!the!MTTN!has!also!been!previously!described![64],!based!on!the!extent!of!heme!bleaching!upon!exposure!to!chlorite.!The!uv?vis!spectra!of!Cld?containing!soluble!protein!fractions!show!a!strong!Soret!absorbance!characteristic!of!heme.!After!exposure!to!chlorite!the!magnitude!of!this!absorbance!has!been!shown!to!decrease!in!proportion!to!chlorite!exposure.[64]!25!µL!samples!of!protein!fraction!were!incubated!with!increasing!concentrations!of!chlorite!from!a!fresh!1.0!M!stock!solution.!The!total!volume!was!adjusted!to!1!mL!with!10!mM!PB!at!pH!7.0.!After!the!formation!of!bubbles!was!no!longer!detectable,!the!samples!were!briefly!centrifuged!to!eliminate!the!bubbles!that!had!
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formed.!Following!centrifugation,!the!uv?vis!spectra!were!recorded.!The!absorbance!peak!was!calculated!by!manually!subtracting!a!linear!baseline,!then!the!peak!height!was!plotted!against!the!number!of!turnovers!per!heme.!Complete!conversion!of!chlorite!to!chloride!was!assumed.!Similarly!to!monitoring!of!activity,!a!line!was!fit!to!the!initial!linear!region!of!the!curve,!and!the!x?intercept!corresponded!to!the!MTTN.!
DNA%Isolation%for%16S%rRNA%Sequencing%%A!general!procedure!for!phenol?chloroform!extraction!of!DNA!is!covered!in!MC!Appendix!E4!Pages!E.3?E.4![85].!To!verify!the!identity!of!native!strains,!genomic!DNA!were!extracted!from!anaerobic!cultures!with!phenol/chloroform!according!to!the!following!method.!Approximately!10!mL!of!anaerobic!bacterial!cultures!were!spun!at!5000!x!g!for!10!min!to!pellet!cells.!!The!pellet!was!suspended!in!0.5!mL!of!10!mM!TE!buffer!(pH!8.0)!to!which!25!µL!of!50!mg!mL?1!lysozyme!was!added.!The!solution!was!incubated!in!a!water!bath!at!37!°C!for!1!hr!following!which!3!µL!of!20!mg!mL?1!Proteinase!K!and!30!µL!of!20%!SDS!was!added!and!incubated!for!another!hour.!Following!incubation,!the!solution!was!spun!at!16,000!x!g!for!5!min!to!remove!debris.!The!supernatant!was!saved!and!extracted!with!an!equal!volume!of!phenol/chloroform/isoamyl!alcohol!(25:24:1)!by!inverting!gently.!The!solution!was!centrifuged!to!separate!organic!and!aqueous!layers.!The!upper!aqueous!layer!was!removed!and!then!extracted!a!second!time!with!phenol/chloroform.!Both!organic!fractions!were!pooled!and!extracted!with!TE!and!the!resulting!aqueous!layer!was!pooled!with!the!first!aqueous!extract.!The!pooled!aqueous!layers!were!then!extracted!twice!with!chloroform.!DNA!was!precipitated!by!adding!0.05!volumes!of!3!M!sodium!acetate!pH!5.2!and!1!volume!of!cold!100%!ethanol.!The!tube!was!mixed!by!inverting!and!allowed!to!incubate!at!?20!°C!overnight.!In!the!morning,!the!tube!was!spun!at!16,000!x!g!for!10!min!to!pellet!the!DNA.!The!pellet!was!gently!washed!in!70%!ethanol!and!allowed!to!dry!at!room!temperature.!The!pellet!was!suspended!in!TE!buffer!and!stored!at!?20!°C!or!submitted!for!16S!rRNA!sequencing!(See!Appendix!D).!!!
%
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!4!This!“Appendix!E”!is!the!chapter!in!Molecular2Cloning:2a2Laboratory2Manual!not!an!appendix!included!in!this!work.!!
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CHAPTER%3%–%Results%and%Discussion%This!work!aimed!to!characterize!a!diverse!set!of!Cld!homologs!in!order!to!assess!their!potential!for!use!in!perchlorate!treatment!systems.!The!results!presented!will!adhere!to!the!following!framework.!The!process!began!by!assembling!a!list!of!Cld!homologs!and!the!corresponding!host!bacterial!species.!From!this!list,!a!group!of!Clds!were!selected!for!testing!and!obtained!either!through!growth!of!their!native!bacterial!host!or!in!recombinant!form!using!E.2coli.!In!this!work,!the!Cld!homologs!were!tested!as!unpurified!soluble!protein!fractions.!Therefore!to!attain!quantitative!results,!several!methods!of!normalization!were!tested!to!quantify!the!concentration!of!Cld!in!sample!mixtures.!An!assay!was!also!developed!to!assess!and!compare!enzyme!activity!by!monitoring!product!formation!with!an!ion?selective!electrode.!This!assay!was!used!to!compare!the!kinetics!of!the!various!homologs!in!unpurified!protein!fractions!to!purified!kinetic!studies!(where!data!were!available).!Also,!samples!were!monitored!for!4!months!of!storage!in!liquid!phase!to!assess!the!shelf!life!of!the!enzyme.!The!final!undertaking!of!this!work!was!the!investigation!of!catalytic!inactivation!by!quantifying!the!maximum!theoretical!turnover!number!(MTTN)!via!two!different!approaches.!!
Assembling%Cld%Homologs%%To!identify!appropriate!Cld!homologs!from!the!hundreds!of!hypothesized!Clds!and!Cld?like!proteins,!I!assembled!a!list!of!known!Clds!sequences.!The!process!of!selecting!and!obtaining!Cld!homologs!from!this!list!is!described!in!this!section.!
Selection(of(Homologs(The!assembled!list!also!including!kinetic!and!structural!information!when!available.!This!list!was!used!to!generate!a!protein!phylogenetic!tree!representing!the!diversity!of!known!Clds!(Figure!4).!From!this!analysis,!10!Clds!were!originally!selected,!with!the!purpose!of!capturing!the!diversity!of!known!Cld!homologs.!A!list!of!these!homologs!and!the!abbreviations!that!will!be!used!from!this!point!forward!can!be!found!in!Table!9.!These!Clds!were!also!selected!based!on!availability!of!the!bacterial!strain.!A!majority!of!the!selected!Clds!had!been!investigated!previously,!thus!pure!strains!or!recombinant!constructs!were!
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available!from!public!sources!(ATCC!and!RIKEN).!Several!investigators!were!also!contacted!to!request!copies!of!expression!plasmids!for!testing.!!Of!the!10!Cld!homologs!only!7!were!successfully!expressed!(see!Table!9).!Growth!of!
Ideonella2dechloratans,!Nitrobacter2winogradskyi,2Wolinella2succinogenes!and!Pseudomonas2
chloritidismutans2were!unsuccessful.!However,!plasmids!allowed!for!heterologous!expression!of!Cld!from!I.2dechloratans!and!N.2winogradskyi.!Expression!of!TtCld!using!the!recombinant!plasmid!from!RIKEN!BioResource!Center!did!not!yield!sufficient!amounts!of!active!protein!to!permit!testing.!Thus,!of!the!10!Clds!originally!selected,!7!were!successfully!produced!and!tested.!
Discussion((Of!the!7!tested!Clds,!6!fall!within!Clade!1!and!the!seventh!rNwCld!was!a!Clade!2!member.!This!set!did!not!include!any!Cld?like!members.!As!with!any!catalyst,!rapid!reaction!kinetics!is!an!inherent!requirement.!This!essentially!rules!out!Cld?like!proteins.!The!main!distinguishing!feature!of!the!Cld?like!enzymes!is!the!lack!of!the!key!arginine!residue!(Arg!173)!which!resulted!in!very!poor!reaction!kinetics.!Additionally,!the!presence!of!Arg!173!was!linked!to!and!extended!catalytic!life.!The!combination!of!poor!kinetics!and!shorter!catalytic!life!effectively!eliminates!Cld?like!members!as!potential!candidates.!Therefore,!the!focus!of!this!work!on!the!“highly!active”!Clds!will!be!most!useful!in!determining!an!optimal!Cld!for!water!treatment.!! The!selection!of!“highly!active”!Clds!was!heavily!influenced!by!previous!investigations.!Most!of!the!Clds!that!had!been!previously!tested!were!obtained!for!testing!because!of!their!availability!from!public!sources!and!through!generous!gifts.!Although!this!further!limited!the!diversity!of!Clds!investigated,!the!substantial!foreknowledge!was!beneficial.!Five!of!the!seven!had!previously!been!purified!and!undergone!kinetic!analysis!and!the!3D!structure!of!three!homologs!had!already!been!solved![67,!69,!70].!This!wealth!of!information!proved!useful!when!placing!these!results!into!a!broader!context.!!
!
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This!smaller,!less!diverse,!set!of!Clds!placed!bounds!on!the!conclusions!that!can!be!drawn!from!this!work.!By!quantifying!catalytic!inactivation!for!a!larger!and!more!diverse!set!of!Clds,!a!relationship!between!enzyme!structure!and!inactivation!could!be!investigated.!However,!the!limited!set!of!Clds!tested!here!makes!general!conclusions!regarding!catalytic!inactivation!difficult!or!impossible.!However,!the!differences!in!inactivation!uncovered!here!are!a!starting!point!for!future!investigations!on!structural!features!affecting!catalytic!inactivation.!
Methods(of(Normalization((One!important!facet!of!this!work!was!the!quantification!of!molar!Cld!concentration!in!the!soluble!portion!fractions!used!for!testing.!This!normalization!was!a!key!step!for!comparisons!between!homologs!and!to!the!published!values!for!purified!Clds.!The!following!section!will!discuss!three!normalization!methods!that!were!used!for!this!work.!!These!methods!are:!normalization!to!total!protein,!quantitative!western!blotting,!and!normalization!to!total!heme.!All!quantification!data!for!the!soluble!protein!fractions!used!in!this!work!can!be!found!in!Table!10.!
Normalization+to+Total+Protein+The!simplest!method!of!normalization!is!correlation!to!total!protein!concentration.!This!approach!can!best!be!described!as!a!nonGspecific!method!that!approximates!the!relative!amount!of!Cld!in!soluble!protein!fractions.!The!total!mass!of!protein!can!readily!be!calculated!via!the!BCA!protein!assay.!This!mass!can!then!be!used!to!normalize!the!activity!data!and!obtain!a!Vmax!with!the!units!of!µmol!minG1!mgproteinG1.!However,!the!true!kinetic!constant!kcat!cannot!be!obtained!unless!further!assumptions!are!made.!!! It!is!necessary!to!estimate!the!molar!concentration!of!Cld!prior!to!calculating!either!kcat!or!MTTN.!To!arrive!at!an!estimated!molar!concentration,!a!fixed!ratio!of!the!total!protein!mass!was!assumed!to!be!Cld,!in!this!case!the!percentage!chosen!was!7.3%.!This!number!was!derived!from!anaerobically!grown!Dechloromonas,aromatic!RCB![64]!with!ClO4G!as!the!sole!electron!acceptor.!In!that!study,!7.3%!of!the!protein!mass!in!crude!cell!extracts!was!Cld.!This!number!is!not!generally!applicable!to!all!strains!and!will!likely!be!
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very!inaccurate!for!recombinant!Clds!produced!in!E.,coli.!Despite!this!major!limitation,!this!fixed!fraction!provides!a!rough!estimate!of!Cld!concentration!and!will!be!useful!for!qualitative!comparisons!between!strains.!Thus,!the!molar!concentration!of!Cld!in!each!soluble!protein!fraction!was!calculated!from!the!following!equation:!!!"# = !.!"#! !! "!!! ! ! ! ! ! ! ! !!!!Equation!2!where!MWi!is!the!molecular!weight!of!the!specific!Cld!homolog!and!Mp!is!the!total!protein!mass!concentration.!!! Results!of!the!BCA!assay!can!be!seen!in!Table!10.!This!table!also!indicates!the!experiments!for!which!each!protein!fraction!was!used.!The!grey!shaded!experiments!were!conducted!with!the!Orion!Meter.!It!should!be!noted!that!the!raw!BCA!data!was!used!only!to!calculate!Vmax.!!! The!main!benefit!of!this!normalization!approach!lies!in!its!speed!and!simplicity.!If!soluble!protein!fractions!are!to!be!used!for!fullGscale!applications,!the!amount!of!total!protein!will!be!an!easy!comparative!metric.!Additionally,!normalizing!activity!data!to!total!protein!concentration!is!a!standard!approach!that!can!be!useful!for!qualitative!comparisons!when!protein!production!methods!are!robust!and!have!limited!batchGtoGbatch!variability.!In!this!work,!this!approach!has!limited!applicability,!due!to!both!the!desire!for!quantitative!comparisons!and!the!use!of!multiple!bacterial!strains,!which!will!have!speciesGspecific!enzyme!expression!levels.!Such!differences!can!be!seen!in!the!Commassie!stained!gel!in!Figure!10,!where!the!band!representing!Cld!(indicated!by!the!arrow)!changes!in!intensity!between!independently!grown!replicates!and!homologs.!This!demonstrates!that!normalization!to!protein!does!not!capture!variation!of!Cld!concentration!relative!to!total!protein.!The!differences!in!migration!distance!for!Cld!homologs!seen!in!Figure!10!are!due!to!slight!variations!in!the!molecular!weight!of!the!various!homologs.!The!rAoPSCld!generated!in!this!work!is!runs!slightly!higher!than!the!other!homologs!because!of!the!NGterminal!tag.!
!
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Quantitative)Western)Blotting)For!protein!quantification,!western!blotting!has!long!been!considered!a!reliable,!high9quality!method.!Western!blotting!takes!advantage!of!the!exquisite!specificity!IgGs!(antibodies)!exhibit!toward!specific!molecular!structures.!Through!exposing!a!live!animal’s!immune!system!to!a!molecule!of!interest,!antibodies!that!specifically!recognize!the!invading!molecule!will!accumulate!in!the!blood.!These!antibodies!can!be!extracted!and!used!to!detect!the!presence!of!the!target!molecule.!When!used!in!conjunction!with!a!standard!curve!of!purified!target!molecule,!the!concentration!of!target!molecule!can!be!determined!in!an!unknown!mixture.!When!the!target!molecule!is!a!protein!(or!a!portion!of!one)!and!when!detecting!proteins!that!have!been!separated!by!electrophoresis,!this!process!is!known!as!quantitative!western!blotting.!!!
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Figure'10:'Replicate1to1replicate'Variation'
in'Expression'Total!protein!staining!of!soluble!protein!fractions!separated!by!SDS9PAGE.!Lanes!195!are!loaded!with!purified!rAoPSCld.!Lane!6!is!a!protein!ladder.!Lanes!799!contain!soluble!protein!fraction!with!rIdCld.!Lanes!10912!contain!rNdCld.!Lanes!13915!contain!DaCld.!Cld!bands!are!indicated!by!the!arrows.!!!!!
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! In!this!case,!IgGs!that!specifically!recognize!Cld!were!generated!against!the!purified!rAoPSCld!by!injecting!two!New!Zealand!white!rabbits.!The!immune!serum!was!affinity!purified!and!the!IgG!samples!were!used!to!develop!a!method!for!quantitative!western!blotting.!This!approach!was!used!to!generate!the!blots!shown!in!Figure!11.!The!molar!
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Figure'11:'Western'Blots'of'Soluble'Protein'Fractions'Used'for'
Quantification'Cld!bands!are!marked!by!the!solid!arrows!and!dashed!arrows!highlight!unknown!bands.!Lanes!195!of!both!blots!are!a!standard!curve!of!purified!rAoPSCld.!A)!Independent!replicates!of!soluble!protein!fractions!containing!rIdCld!(3!µg!per!lane),!NrdCld(1!µg),!and!DaCld!(2µg).!B)!Replicates!of!soluble!protein!fractions!containing!MbCld!(2!µg),!AoGRCld!(2!µg),!and!AoPSCld!(2µg).!!!!!!!
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quantification!of!Cld!in!each!sample!is!presented!in!Table!10.!!A!full!description!of!the!method!development!can!be!found!in!Appendix!E.!Because!this!method!specifically!targeted!Cld,!any!differences!in!concentration!between!bacterial!species,!production!methods,!and!batches!should!be!controlled!for.!Although!this!method!is!widely!accepted!and!powerful,!it!is!not!without!its!limitations.!! During!development!it!was!observed!that!the!antibody!exhibited!unequal!affinity!for!the!various!Cld!homologs.!A!comparison!of!the!western!blots!and!Coomassie!staining!can!be!seen!in!Figure!12.!From!the!Coomassie!staining!in!Panel!A,!substantial!amounts!of!rIdCld!(lanes!799)!and!rNdCld!(lanes!10912)!should!be!bound!to!the!membrane.!Total!protein!staining!of!the!transfer!gel!detected!no!residual!protein!remaining!in!the!gel!(see!appendix!E).!In!fact,!in!the!Coomassie!gel,!the!intensity!of!the!signal!of!rNdCld!lanes!was!far!greater!than!the!purified!protein!standard.!!However,!the!signal!in!the!western!blot!(Panel!B,!lanes!10912)!was!well!within!the!standard!curve.!rIdCld!showed!more!severe!differences.!In!western!blot,!the!signal!from!rIdCld!(Panel!B!lanes!6,!8,!and!9)!was!below!the!range!of!the!standard!curve,!even!though!it!was!above!the!range!of!the!standard!curve!in!Coomassie!staining.!Even!accounting!for!the!limited!accuracy!of!Coomassie!staining,!the!antibody!shows!significantly!lower!affinity!for!rIdCld!and!rNdCld.!The!complete!inability!to!detect!rNwCld!further!demonstrates!this!point!(See!Appendix!E).!Overall!these!results!demonstrate!the!difficulty!of!quantification!these!homologs!via!western!blotting.!! The!failure!of!quantitative!western!blotting!is!clearly!evident!for!the!recombinant!Clds;!any!effects!on!the!native!Clds!would!be!subtler.!Any!differences!in!affinity!are!not!significant!enough!to!allow!for!the!same!type!of!qualitative!comparison!to!Coomassie!staining.!However,!it!is!useful!to!note!that!rIdCld!is!64%!identical!to!the!predicted!primary!protein!sequence!of!AoPSCld!,!and!rNdCld!is!only!40%!identical.!In!comparison,!DaCld!is!97%!identical.!Given!this!high!degree!of!similarity,!it!is!reasonable!to!hypothesize!that!the!antibody!would!react!more!consistently!with!DaCld!and!AoGRCld,!which!is!100%!identical!to!the!predicted!sequence!of!AoPSCld,!so!should!also!be!detected!well.!Although!differences!in!affinity!were!not!observed!for!these!strains,!the!possibility!could!not!be!completely!ruled!out.!
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! The!differences!in!affinity!can!be!explained!by!several!possible!mechanisms.!Polyclonal!antibodies!are!perfect!for!broad9spectrum!detection!because!there!are!many!different!antibodies!that!individually!recognize!a!different!feature!in!the!protein!sequences.!The!downside!is!that!the!slight!variations!between!Cld!homologs!might!mean!that!some!of!
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Figure'12:'Comparison'of'Total'Protein'Staining'
and'Western'Blot'Lanes!195!in!both!gels!were!loaded!with!a!standard!curve!of!purified!rAoPSCld.!Both!gels!were!loaded!with!identical!samples!of!rIdCld,!rNdCld,!and!DaCld.!rNdCld!samples!are!shown!by!solid!arrows!and!rIdCld!samples!showed!by!dashed!arrows.!!A)!Total!protein!staining.!B)!Western!blot.!!!
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the!antibodies!that!recognize!the!original!antigen!will!not!bind!to!other!homologs.!This!would!artificially!lower!the!signal.!Additionally,!the!rAoPSCld!antigen!used!to!inoculate!the!rabbits!contained!a!Strep9II!tag!that!was!used!to!during!purification.!The!inability!to!cleave!this!tag!!(see!Appendix!B)!from!the!rAoPSCld!antigen!likely!resulted!in!some!antibodies!recognizing!this!tag,!but!the!other!Cld!homologs!do!not!have!anything!remotely!related!to!this!sequence.!This!would!also!artificially!increase!the!signal!of!the!standard!curve,!further!affecting!the!quantification.!!
Normalization)to)Total)Heme)The!total!concentration!of!heme!was!used!as!another!surrogate!for!the!concentration!of!Cld.!This!analysis!takes!advantage!of!the!fact!that!functional!Cld!contains!heme!b.!In!fact,!the!activity!of!purified!Cld!is!often!normalized!to!the!concentration!of!heme!in!order!to!capture!only!the!fraction!of!Cld!that!has!a!heme!moiety!bound!at!the!active!site.!This!methodology!has!even!been!used!to!calculate!MTTN![64].!The!heme!content!was!quantified!with!the!pyridine!hemochrome!assay!described!in!Berry!and!Trumpower![88].!This!method!quantifies!the!concentration!of!heme!by!taking!the!difference!between!the!uv9vis!spectra!measured!under!reducing!and!oxidizing!conditions.!Figure!13!shows!an!example!of!the!oxidized!(dashed),!reduced!(solid),!and!reduced9oxidized!(dot9dashed)!spectra!for!purified!rAoPSCld.!!
!!!
Figure'13:'Spectra'of'
rAoPSCld'Absorbance!spectra!used!for!heme!quantification.!Reduced!spectra!(solid),!oxidized!spectra!(dashed)!and!reduced!minus!oxidized!(dot9dashed).!!
Ox!
Red!
Red9Ox!
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The!general!methodology!of!quantifying!the!heme!concentration!is!outline!in!Figure!14.!The!difference!between!the!absorbance!of!the!peak!at!555!nm!and!the!trough!at!539!nm!was!converted!into!a!molar!concentration!using!the!extinction!coefficient!of!24!mM91!cm91!according!to!Equation!3:!!"#" = ∆!!"! "!!!' ' ' ' ' ' ' ' ' ''''Equation'3'The!Cld!concentrations!obtained!using!this!method!are!shown!in!Table!10.!!!This!methodology!was!modified!slightly!for!some!homologs!because!slight!differences!in!the!peak!locations!were!observed.!The!shifts!in!peak!location!can!be!seen!in!Figure!15,!where!examples!from!each!homolog!are!shown.!There!is!a!clear!divergence!between!the!recombinant!(dashed)!and!native!(solid)!Clds.!In!the!oxidized!spectra!(Panel!A),!the!native!Clds!show!a!sharper!Soret!peak!at!406!nm,!in!contrast!to!a!much!broader!and!peak!at!393!nm!for!recombinant!Clds.!!The!dithionite!reduced!spectra!(Panel!B),!show!a!similar!divergence!between!the!native!and!recombinant!Clds.!The!recombinant!homologs!have!peaks!at!418!nm!(Soret),!523!nm!(beta),!and!555!nm!(alpha).!This!pattern!is!typical!of!heme!b![88].!On!the!other!hand,!native!Clds!have!peaks!that!appear!to!be!slightly!blue9shifted!by!4!to!5!nm.!In!these!spectra,!the!peaks!appear!at!413!nm!(Soret),!520!nm!(beta),!and!550!nm!(alpha).!The!presence!of!peaks!at!520!nm!and!550nm!is!actually!more!indicative!of!heme!c![88].!A!summary!of!these!peak!locations!can!be!found!in!Table!11;!this!table!also!includes!data!extracted!from!the!literature!for!purified!Cld!homologs.!All!previous!investigations!of!Cld!have!concluded!that!heme!b!is!the!prosthetic!group!common!
ΔA!
Figure'14:'Calculation'of'Total'Heme'
Content'The!reduced!minus!oxidized!spectra!of!rAoPSCld!used!for!heme!quantification.!The!difference!between!555!nm!and!539!nm!(ΔA)!is!converted!into!the!concentration!of!heme!using!Equation!3.!
555!nm!
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to!all!known!Clds.!This!shift!in!peak!locations!likely!does!not!indicate!the!presence!of!heme!c,!but!instead!result!from!an!interfering!substance!in!the!soluble!protein!fractions.!!! This!shift!in!peak!locations!slightly!complicated!heme!quantification.!The!reported!dual!wavelength!extinction!coefficient!for!heme!b!(ER9O!5579540)!is!24!mM91!cm91,!where!the!subscript!indicates!the!reduced!minus!oxidized!spectra!and!the!coefficient!measures!the!difference!in!absorbance!between!557!nm!and!540!nm!(the!valley!that!occurs!between!the!peaks!at!557!nm!and!523!nm).!Interestingly!the!extinction!coefficient!for!heme!c!(ER9O!5509535)!is!also!24!mM!cm91.!Therefore!the!same!value!for!the!extinction!coefficient!was!used!to!determine!the!heme!concentration!for!both!native!and!recombinant!Clds;!only!the!wavelengths!used!for!analysis!changed.!!! Normalization!to!total!heme!has!one!major!benefit.!Of!the!3!methods!discussed,!heme!quantification!is!the!only!approach!that!could!account!for!differences!in!the!active!Cld!concentration.!Because!inactive!or!improperly!folded!Cld!will!not!bind!heme,!only!properly!folded!Cld!will!be!quantified.
!
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Figure'15:'Uv-vis'Spectra'
of'Cld'Containing'Protein'
Fractions'Solid!lines!represent!native!Clds!(AoGRCld!in!black,!!AoPSCld!in!red,!DaCld!in!blue,!and!MbCld!in!green)!and!dashed!lines!are!recombinant!Clds!(rNdCld!in!orange,!rNwCLd!in!purple,!and!rIdCld!in!gray).!A)!Spectra!of!oxidized!samples!in!20%!pyridine,!0.1!M!NaOH,!and!0.3!mM!K3Fe3(CN)6.!B)!Reduced!spectra!after!addition!of!dithionite.!C)!Reduced!minus!oxidized!spectra.!Insets!in!B!and!C!are!enlargements!of!upper!wavelength!region.!
A'
B'
C'
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! Like!the!other!methods,!normalization!to!heme!content!also!has!drawbacks.!Similar!to!normalization!to!total!protein,!heme!quantification!is!not!specific!to!Cld,!because!it!will!detect!all!heme!in!the!soluble!protein!fraction.!Signal!that!does!not!derive!from!CldXbound!heme!can!come!from!two!major!sources.!The!first!source!is!from!other!heme!binding!proteins,!of!which!there!are!many!in!bacteria.!The!relative!abundance!of!other!heme!proteins!is!hard!to!estimate.!This!background!signal!will!be!present!in!all!samples.!A!second!source!of!background!is!unique!to!samples!generated!with!E.#coli.!!These!bacteria!are!grown!in!the!presence!of!hemin!(a!heme!precursor)!to!provide!the!E.#coli!with!the!necessary!material!to!generate!active!Cld.!Therefore,!it!is!possible!for!soluble!heme!or!hemin!to!be!present!in!the!soluble!protein!fraction.!Hemin!produces!the!same!signal!as!Cld!bound!heme!in!the!hemochrome!assay.!!! !To!test!how!significant!the!background!heme!signal!might!be!for!recombinant!Cld!strains,!E.#coli!was!transformed!with!an!empty!expression!vector!and!grown!under!identical!conditions!used!to!express!the!other!recombinant!Clds.!A!soluble!protein!fraction!was!generated!following!the!same!isolation!and!extraction!procedure!as!the!other!samples.!The!quantification!of!each!Cld!replicate!and!this!background!control!are!plotted!in!Figure!16.!Background!heme!could!be!a!significant!fraction!of!the!total!heme.!The!control!gives!a!signal!that!is!roughly!the!same!as!the!rNwCld!soluble!protein!fractions.!This!indicates!that!the!Cld!concentration!could!be!significantly!overestimated!using!this!method.!Given!that!hemin!was!only!used!during!the!growth!of!the!heterologously!expressed!Clds,!the!recombinant!samples!are!likely!the!most!affected.!! To!test!for!the!presence!of!soluble!heme/hemin,!the!200!µL!of!nonXCld!containing!soluble!protein!fraction!was!dialyzed!against!500mL!of!10!mM!PB!buffer!using!a!membrane!with!10!kD!cutoff.!The!buffer!was!exchanged!twice!over!a!period!of!12!hrs.!The!soluble!protein!fraction!and!the!dialyzed!sample!were!both!assayed!for!total!heme!content!the!results!(Figure!17).!As!a!control,!a!native!soluble!protein!fraction!containing!!MbCld!was!also!dialyzed!in!the!same!manner.!Accounting!for!all!dilutions,!both!native!and!E.#coli!protein!fractions!show!a!reduction!in!heme!content!after!dialysis.!The!native!protein!
! 59!
fraction!was!reduced!by!6.5%!and!the!E.#coli#lost!25%.!Some!of!this!decrease!could!be!explained!by!the!loss!of!small!heme!binding!proteins!that!likely!passed!through!the!10!kD!membrane.!This!is!likely!the!source!of!the!6.5%!drop!in!the!native!protein!fraction.!The!native!protein!fraction!lost!14%!of!total!protein!during!dialysis,!and!the!E.#coli!protein!fraction!lost!39%.!Overall,!this!demonstrates!the!possibility!that!free!heme/hemin!can!be!found!in!the!protein!fractions!and!might!lead!to!overestimating!the!Cld!concentration.!!
!
Figure'16:'Replicate-to-replicate'Variation'for'Heme'Quantification'and'a'
Background'Control'Plots!of!heme!concentration!for!the!soluble!protein!fractions.!Red!bar!on!far!right!is!the!background!control!of!an!E.#coli!soluble!protein!fraction!without!Cld.!!
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Chloride)Probe)Assay)! An!ion!selective!electrode!(ISE)!that!detects!chloride!was!the!chosen!methodology!for!measuring!enzyme!kinetics!and!activity!of!Cld.!This!method!allowed!for!continuous!live!monitoring!of!reactions!by!tracking!the!formation!chlorite,!the!end!product!of!the!enzymatic!catalysis.!!This!method!was!adapted!from!the!work!of!Xu!and!Logan,!who!directly!compared!several!methods!of!measuring!Cld!activity![89].!One!previous!study!of!Cld!kinetics!used!a!chloride!ion!selective!electrode![68].!However,!this!was!not!a!widely!used!method,!so!substantial!method!development!was!required.!'
'
Figure'17:'Assessing'the'Concentration'of'Free'Heme'in'Protein'
Fractions'''Quantification!of!heme!in!a!native!protein!fraction!from!MbCld!and!control!
E.#coli!protein!fraction!both!before!and!after!dialysis.!The!error!bars!on!the!undialyzed!show!the!standard!deviation!of!three!analytical!replicates.!Only!one!measurement!was!conducted!on!the!dialyzed!samples.!!
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Probe&Response&and&Calibration&&Initial!tests!with!the!chloride!probe!and!the!Orion!VersaStar!meter!indicated!that!the!voltage!response!was!not!linear!with!respect!to!chloride!concentration.!As!can!be!seen!in!Figure!18,!the!relationship!within!the!range!of!1A1000!ppm!is!best!characterized!by!a!negative!exponential!curve!adhering!to!the!form!!ppm = !!!!!!mV!! ! ! ! ! ! ! ! ! !!!!Equation!4!!!!where!mV!represents!the!voltage!output!of!the!probe!in!millivolts,!ppm!corresponds!to!the!chloride!standard!concentration,!and!A!and!B!are!the!fit!parameters.!From!these!results,!it!was!determined!that!the!Orion!meter’s!5Apoint!linear!interpolation!calibration!method!would!not!be!adequate!for!calibration.!Thus,!all!data!were!collected!in!raw!voltage!form!and!subsequently!converted!into!ppm!using!Equation!4!calibrated!with!a!9Apoint!standard!curve.!!
! In!addition!to!the!precise!methodology!of!the!calibration,!the!stability!of!the!probe!and!calibration!solutions!were!tested!to!determine!how!often!calibration!solutions!should!be!changed!and!how!often!the!probe!should!be!calibrated.!The!difference!between!
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Figure!18:!
Comparison!of!ISE!
Probe!Calibration!The!curve!marked!by!red!squares!was!collected!on!the!morning!of!7/21/14!and!the!black!crosses!were!collected!the!same!evening,!following!continuous!use!of!the!probe.!Data!in!blue!circles!were!collected!on!7/23/14.!Fit!parameters!can!be!found!in!the!legend.!!
y=Ae-Bx!
   A=2.73*105,!B=A4.44*10A2,!R2=0.996!
✕    A=3.59*105,!B=A4.62*10A2,!R2=0.995 
! A=5.23*105,!B=A5.19*10A2,!R2=0.991!
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calibrations!performed!on!the!same!day!before!and!after!continuous!use!of!the!probe!and!a!calibration!performed!two!days!later!can!be!seen!in!Figure!18.!There!is!relatively!little!difference!between!calibration!curves!taken!on!the!same!day!and!some!slight!differences!dayXtoXday.!Therefore,!at!a!minimum,!the!probe!should!be!calibrated!daily.!Figure!19!shows!a!longer!time!scale!of!how!the!fit!parameters!and!goodness!of!fit!(R2)!changed!with!time.!As!seen!as!Panel!A,!the!goodness!of!fit!tends!to!drop!over!time.!Replacing!either!the!probe!or!the!calibration!solutions!increases!the!goodness!of!fit,!as!indicated!by!the!red!arrows!and!green!vertical!lines.!The!general!trend!of!how!the!calibration!curve!changed!during!a!oneXmonth!period!can!be!seen!in!Panel!B.!These!results!lead!to!the!decision!to!replace!calibration!solutions!when!the!goodness!of!fit!began!to!noticeably!decrease;!this!occurred!every!few!months.!!
Problems&with&Orion&Benchtop&Meter&The!original!device!selected!to!record!live!data!from!the!ISE!was!an!Orion!Versa!Star!Benchtop!Meter.!The!limitations!of!this!meter!hampered!data!collection!to!the!point!where!it!became!necessary!to!change!the!data!collection!methodology.!The!reaction!profiles!in!Figure!20!show!some!of!the!problems!encountered!when!using!the!Orion!meter.!The!primary!limitation!of!the!meter!was!its!inability!to!collect!and!transmit!data!automatically!at!an!interval!shorter!than!5!s.!The!meter!would!automatically!update!the!reading!on!the!screen!with!a!frequency!of!1!s,!but!would!only!send!data!to!the!computer!every!5!s.!It!was!possible!to!manually!push!data!to!the!computer!every!second!by!pressing!a!button!on!meter.!However,!this!manual!manipulation!was!cumbersome!and!lead!to!inconsistent!collection!intervals!(dashed!oval!Panel!A),!duplicating!data!points,!and!conflicting!data!at!the!same!time!point!(red!arrows!Panel!A).!This!final!issue!resulted!from!conflict!between!the!clock!of!the!meter!and!the!computer.!!
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!One!additional!issue!with!the!Orion!Versa!Star!meter!arose!when!trying!to!accurately!measure!an!initial!linear!rate!of!enzymatic!reactions.!Panels!A!and!B!show!typical!profiles!
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Figure'19:'Temporal'Changes'in'ISE'Probe'Calibration'A)!Graph!of!the!fit!R2!value!for!the!calibration!through!time.!Red!arrows!indicate!times!when!the!calibration!standards!were!changed!(6/4/14,!6/16/14,!9/19/14,!and!12/10/14).!Dashed!vertical!line!indicates!switch!from!use!of!the!Orion!Meter!to!NI/Matlab!system!(6/26/14).!Green!solid!line!indicates!times!when!the!probe!was!replaced!(7/16/14!and!8/26/14).!B)!Plot!representing!the!change!in!calibration!over!a!period!of!one!month.!!
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obtained!using!the!Orion!meter.!In!almost!all!recorded!profiles,!immediately!after!the!reaction!was!initiated!there!was!jump!in!the!reading!(indicated!by!the!blue!circles).!This!jump!could!not!always!be!explained!by!heterogeneity!in!the!system.!Measurements!of!the!probe’s!output!voltage!directly!with!a!miltiXmeter!showed!no!such!jump!in!reading.!The!presence!of!this!jump!was!particularly!problematic!because!only!the!initial!phase!of!these!rapid!reactions!is!assumed!to!be!linear.!Because!this!jump!had!to!be!excluded!from!data!analysis,!information!in!the!initial!seconds!of!the!reaction!was!lost.!! The!software!of!the!Orion!meter!might!be!a!source!of!the!anomalous!readings.!It!was!observed!that!this!jump!always!occurred!when!the!probe!switched!from!reading!“Ready”!to!“Stabilizing”.!This!switch!is!a!visual!indication!to!aid!the!user!in!determining!when!the!reading!is!stable.!It!is!possible!that!the!meter!has!two!different!methods!of!averaging!for!both!the!stable!and!unstable!states.!This!could!explain!a!seemingly!large!jump!because!a!switch!in!data!handling!would!not!reflect!actual!state!of!the!system!being!measured.!It!was!not!possible!to!obtain!information!about!the!meters’!internal!software,!so!it!was!determined!that!an!alternative!data!collection!system!was!required.!!
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Improved)Data)Acquisition)System)!! To!improve!the!data!collection!and!analysis,!a!new!system!was!implemented.!This!system!replaced!the!“black!box!data!processing”!of!the!Orion!meter!and!provided!direct!control!over,!and!access!to,!the!raw!data.!At!a!basic!level,!the!ISE!probe!is!an!analog!device!that!generates!a!voltage!in!relation!to!the!concentration!of!chloride!in!solution.!Any!device!that!accepts!an!analog!input!can!therefore!measure!this!voltage.!A!National!Instruments!USBG6008!Data!Acquisition!device!serves!this!function!in!the!new!system.!This!device!dramatically!simplifies!data!collection!and!removes!unnecessary!calculations!and!functionality.!The!NI!device!reads!voltage!with!a!frequency!of!1000!Hz!and!can!pass!that!data!directly!to!a!custom!designed!Matlab!GUI.!The!Matlab!code!is!included!in!Appendix!C.!!! In!the!new!system,!the!data!handling!and!processing!can!now!be!explicitly!specified.!Raw!voltage!from!the!ISE!is!collected!at!1000!Hz.!At!this!rate!the!signal!is!very!noisy.!To!eliminate!the!noise!and!generate!a!manageable!mount!of!data,!high!frequency!data!were!averaged!over!the!period!of!0.5!s.!This!was!a!substantial!improvement!on!the!rate!of!the!Orion!meter.!Additionally,!as!can!be!seen!in!Figure!20,!Panel!C,!this!new!data!handling!eliminates!the!anomalous!jump,!thereby!confirming!it!was!an!artifact!of!the!Orion!meter.!
Example)of)Data)Collection)and)Analysis))The!steady!state!kinetic!parameters!(Vmax!and!Km)!were!calculated!with!the!methodology!described!in!the!Materials!and!Methods!Chapter.!The!process!of!data!collection!and!analysis!is!outlined!in!Figure!21.!For!each!protein!fraction,!10!reactions!were!conducted!at!different!concentration!of!chlorite.!The!product!formation!was!monitored!over!time!and!these!curves!are!plotted!in!Panel!A.!The!initial!period!immediately!following!the!induction!of!the!reaction!where!the!rate!is!assumed!to!be!linear!is!highlighted!in!red.!The!slope!of!this!region!on!each!curve!was!then!calculated!and!plotted!against!the!initial!substrate!concentration!(Figure!21!Panel!B).!The!parameters!Km!(dashed!line)!and!Vmax!(horizontal!line)!were!determined!by!fitting!the!data!to!the!MichaelisGMenten!equation!(Equation!1).!!
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The!MTTN!was!determined!by!repeating!this!analysis!several!times.!Samples!of!protein!fractions!containing!Cld!were!exposed!to!increasing!concentrations!of!chlorite!and!allowed!to!react;!this!reaction!will!be!called!to!as!the!preGincubation.!After!washing,!the!Vmax!of!each!sample!was!determined!using!the!methodology!above.!After!exposure!to!chlorite,!the!Vmax!decreases!proportionally.!The!percentage!of!Vmax!is!calculated!by!comparison!to!a!sample!that!was!not!exposed!to!chlorite.!These!data!are!then!plotted!against!the!molar!ratio!of!chlorite!in!the!preGincubation!to!the!concentration!of!Cld!(Figure!21!Panel!C).!The!initial!decay!in!activity!is!assumed!to!be!linear.!The!xGintercept!of!the!line!fitted!to!this!region!corresponds!to!the!MTTN.!!
Limitations)of)the)ISE)Probe)One!potential!limitation!to!this!work!involves!the!choice!to!use!an!ion!selective!electrode!for!continuous!reaction!monitoring.!As!with!any!electrode,!diffusion!limitations!can!create!a!lag!between!changes!of!state!in!the!system!and!the!probe!registering!that!change.!The!chloride!probe!has!a!reported!response!time!of!60!s!or!less!for!a!95%!response.!!Although!this!delay!will!inherently!be!a!source!of!error!when!measuring!kinetic!rates,!this!type!of!monitoring!was!used!in!almost!all!previous!investigations!for!Cld!kinetics![63,!64,!67,!78].!The!first!investigation!of!purified!Cld!kinetics!was!conducted!using!a!ClarkGtype!oxygen!electrode.!The!authors!did!not!report!the!exact!model!number,!but!electrodes!sold!by!the!same!manufacturer!report!a!response!time!of!30s!for!95%!response.!It!should!also!be!noted!that!these!response!times!reflect!step!changes!in!concentration,!not!continuous!changes!resulting!from!chemical!reactions.!Mixing!in!the!system!could!also!affect!rate!measurements.!
!
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A!head)to)head!comparison!of!the!ISE!and!oxygen!probe!was!previously!conducted!using!whole!cells.!This!study!came!to!the!conclusion!that!the!chloride!electrode!was!both!easier!to!use!and!at!least!as!accurate![89].!Additionally,!several!investigations,!including!the!aforementioned,!have!compared!continuous!monitoring!with!fixed!time)point!methods!of!quenched!reaction!samples!like!ion)chromatography!and!titration![64,!89].!No!substantial!differences!between!live!monitoring!and!fixed)time!point!methods!were!found.!Additionally,!the!kinetics!of!rNdCld!were!first!investigated!using!a!chlorite!electrode.[68]!Based!on!these!facts,!electrodes!are!an!accepted!and!appropriate!methodology!for!continuous!reaction!monitoring.!Therefore!the!choice!to!use!an!ISE!probe!should!yield!comparable!results!to!previous!studies!of!Cld.!
Steady'State'Kinetic'Analysis'Standard!steady!state!kinetic!analysis!was!conducted!on!soluble!protein!fractions!containing!the!7!Cld!homologs.!At!a!minimum,!3!independently!grown!and!processed!replicate!samples!were!tested!for!each!homolog;!the!precise!number!of!replicates!for!each!Cld!is!given!in!Table!12.!The!average!of!the!steady!state!kinetic!parameters!Km!(half)saturation!constant)!and!Vmax!(maximum!reaction!velocity!expressed!in!units!of!µmol!mgprotein)1!min)1)!are!plotted!in!Figure!22.!!
Table&12:&Michaelis/Menten&Kinetic&Data&for&Cld&Homologs&
Cld& #&Samples& Km&(µM)&
Published&Km&
(µM)*& Vmax&(µM&min
/1&mg/1)**&AoGrCld! 7! 330±110! 170! 160±52!rIdCld! 6! 320±160! 260***! 140±53!rNdCld! 5! 2500±470! 15,800!or!58±37! 1400±1500!rNwCld! 6! 380±150! 90! 18±15!AoPSCld! 3! 360±54! N/A! 420±240!DaCld! 5! 290±170! 215±25! 72±24!MbCld! 7! 360±210! N/A! 140±67!Pure!rAoPSCld! 1! 180! ! !Values!following!“±”!report!standard!deviation.!!*Sources!are!same!as!in!Table!1.!**Value!normalized!to!total!protein!content.!***Published!value!reported!from!native!IdCld!but!the!recombinant!form!was!tested!in!this!work.!!!
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!
! From!this!head)to)head!comparison,!several!difference!between!the!Cld!homologs!emerged.!When!looking!at!the!values!obtained!for!half!saturation!constant,!it!is!apparent!that!rNdCld!has!a!larger!Km!then!the!other!homologs,!averaging!2,500!µM.!The!remaining!6!Clds!have!Kms!that!fell!between!290!and!380!µM!and!are!indistinguishable!from!each!other.!If!the!assumptions!of!steady!state!kinetics!are!valid,!the!values!for!Km!are!independent!of!
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Figure&22:&Michaelis/Menten&Kinetics&Plots!of!kinetic!parameters!for!each!of!the!tested!Cld!homologs!as!unpurified!protein!fractions.!Error!bars!represent!standard!error.!For!the!number!of!replicates!see!Table!12.!A)!Km!B)!Plot!is!scaled!to!permit!comparison!of!Vmax!values.!For!Vmax!value!of!NrNdCld!see!Table!12.!Data!normalized!to!total!heme.!!
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the!enzyme!concentration!and!thus!normalization!to!Cld!concentration!is!not!necessary,!so!these!values!can!be!directly!compared!to!the!published!values!for!purified!enzymes.!!! There!is!a!clear!trend;!when!testing!Cld!in!soluble!protein!fractions,!the!Km!was!larger!than!published!values.!This!difference!was!least!pronounced!for!rIdCld!and!DaCld!where!the!Km!values!were!found!to!be!roughly!60!µM!greater!than!the!published!values!and!within!the!standard!deviation!of!the!samples.!Also!included!in!Table!12!was!Km!for!the!purified!rAoPSCld.!Although!there!have!been!no!published!values!for!purified!AoPSCld,!the!mature!protein!sequence!predicted!from!genome!sequencing!is!identical!(100%!homology)!to!AoGRCld.!The!Km!value!for!purified!rAoPSCld!was!found!to!be!180!µM,!which!is!very!close!to!the!published!Km!for!AoGRCld!of!170!µM.[78]!Note!that!the!Km!for!NdCld!reported!here!falls!between!the!two!conflicting!values!reported!previously.!!The!NdCld!expression!plasmid!used!in!this!work!was!the!same!plasmid!that!was!generated!and!used!in!the!first!biochemical!study!of!NdCld,!which!found!the!larger!Km!of!15,800!µM![68].!!!In!Figure!22,!the!Vmax!values!were!normalized!to!total!protein!concentration.!As!was!discussed!earlier,!this!approach!has!its!limitations,!but!it!still!allows!for!relative!comparisons.!rNdCld!had!a!very!large!Vmax,!close!to!1400!µmol!mgprotein)1!min)1!and!rNwCld!had!the!lowest!at!18!µmol!mgprotein)1!min)1.!AoPSCld!had!the!second!largest!value!of!460!µmol!mgprotein)1!min)1,!while!the!remaining!homologs!had!averages!close!to!100!µmol!mgprotein)1!min)1.!Some!of!these!values!show!substantial!variation,!particularly!rNdCld,!and!rNwCld!where!the!standard!deviation!was!greater!that!80%!of!the!average!value.!This!variation!results!in!part!from!the!imprecise!method!of!normalization.!Because!total!protein!normalization!does!not!capture!differences!in!expression!between!replicates,!accurate!comparison!was!difficult.!! To!obtain!a!more!comparable!parameter,!the!value!for!kcat!was!determined!by!normalizing!the!data!to!the!total!heme!concentration.!The!kcat!values!in!Table!13!were!calculated!for!all!replicates!where!heme!quantification!data!were!available.!Again,!the!largest!value!was!for!rNdCld!at!1800!s)1,!and!MbCld!also!had!large!kcat!of!1500!s)1.!rNwCld!still!had!the!lowest!value!of!at!160!s)1.!The!degree!of!variation!does!seem!to!be!slightly!
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improved,!but!variation!from!sample!to!sample!is!still!quite!large.!The!value!obtained!for!purified!rAoPSCld!was!930!s)1.!! When!comparing!these!kcat!values!to!those!previously!reported!for!purified!Cld!homologs,!the!kcat!values!are!generally!lower.!The!major!exception!is!rNdCld,!which!!
Table&13:&Comparisons&of&kcat&
Cld& #&Samples& Published&kcat&(s/1)*& kcat&(s/1)**&AoGrCld! 3! 1,200! 460±240!rIdCld! 6! 1,800***! 770±460!rNdCld! 3! 960!or!35! 1,800±680!rNwCld! 3! 190! 160±44!AoPSCld! 2! N/A! 970±230!DaCld! 2! 6,000! 90±18!MbCld! 2! N/A! 1,500±790!Pure!rAoPSCld! 1! N/A! 930!*Sources!are!the!same!as!Table!1.!**!Data!normalized!to!total!heme.!***Published!value!was!from!native!IdCld.!!shows!a!kcat!larger!that!either!of!the!results!reported!in!the!literature.!MbCld!and!AoPSCld!have!never!been!characterized!in!purified!form.As!discussed!for!the!Km,!it!is!reasonable!to!compare!the!kcat!for!rAoPSCld!to!AoGRCld.!The!kcat!for!pure!rAoPSCld!of!930!s)1!is!relatively!close!to!the!published!value!for!AoGRCld!of!1200!s)1![78].!!!
Discussion((In!comparing!the!kinetic!constants!found!in!this!study!to!the!published!results!for!purified!enzymes,!the!general!trend!is!that!the!kinetic!constants!are!less!favorable.!In!most!cases!the!half!saturation!constant!is!larger!than!the!reported!literature!value!and!the!kcat!values!are!substantially!lower.!Table!14!compares!the!catalytic!efficiency!(kcat!Km)1)!for!unpurified!samples!in!this!study!to!those!calculated!from!published!values!for!purified!enzymes.!In!almost!all!cases!the!catalytic!efficiency!is!lower!by!at!least!half.!This!could!suggest!that!there!are!compounds!in!the!protein!fractions!that!are!acting!as!inhibitors!to!Cld,!which!could!be!removed!via!purification.!This!is!supported!by!the!fact!that!the!Km!measured!here!for!unpurified!AoPSCld!was!360!µM,!whilrthe!purified!rAoPSCld!had!a!
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lower!Km!of!180!µM.!This!hypothesis!is!further!supported!by!the!fact!that!the!purified!rAoPSCld!generated!in!this!study!showed!the!greatest!similarity!to!published!results.!This!agreement!to!published!data!also!supports!the!accuracy!of!the!chloride!probe!method.!!!
Table&14:&Comparison&of&Catalytic&Efficiency&
Cld! Published&kcat&Km/1&(s/1&M/1)*! kcat&Km/1&(s/1&M/1)**! Difference&AoGrCld! 7.1*106! 1.4*106! )80%!rIdCld! 6.9*106**! 3.0*106! )57%!rNdCld! 6.0*105! 8.4*105! 40%!rNdCld! 6.1*105! 48%!rNwCld! 2.1*106! 4.2*105! )80%!AoPSCld! N/A! N/A! !DaCld! 2.0*107! 1.3*106! )95%!MbCld! N/A! 4.2*106! !Pure!rAoPSCld! N/A! 5.2*106! !*Calculated!from!data!presented!in!Table!1.!**Published!values!was!from!native!IdCld.! !! The!outlier!from!this!trend!is!rNdCld;!however,!a!straightforward!comparison!of!the!results!from!rNdCld!to!the!literature!is!not!possible!given!the!large!discrepancy!in!reported!kinetic!constants.!!As!noted!earlier,!one!study!by!Maixner,!et.!al.!tested!substrate!concentrations!up!to!150!mM!(150,00!µM)!and!found!a!Km!of!15,800!µM!and!a!kcat!of!960!s)1![68].!A!later!study!by!Kostan,!et.!al.!found!a!Km!of!60!µM!and!a!kcat!of!35!s)1!when!limiting!the!substrate!to!a!maximum!1!mM![69].!!My!work!was!conducted!with!chlorite!concentrations!up!to!5!mM,!and!used!the!same!plasmid!as!Maixner!et,!al.,!i.e.!the!same!construct!that!was!used!to!obtain!values!of!15,800!µM!and!960!s)1.!The!results!presented!here!are!more!in!line!with!the!results!of!Maixner,!et.!al.,!but!not!identical.!This!could!be!due!to!the!use!of!the!same!expression!plasmid,!the!intermediate!substrate!concentration,!or!other!factors.!Although!the!expression!plasmid!was!identical,!a!different!expression!procedure!was!followed.!The!main!difference!was!the!addition!of!hemin!to!the!expression!media;!no!hemin!or!heme!precursor!was!used!by!Maixner,!et.!al..!In!contrast,!hemin!was!added!during!the!purification!procedure!used!by!Kostan,!et.!al..!Also!of!note!was!the!fact!that!Maixner,!et.!al.!used!a!chlorite!electrode!to!measure!reaction!kinetics,!similar!to!the!method!used!in!this!study.!Kostan,!et.!al.!employed!the!more!common!oxygen!probe!
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method.!All!of!these!differences!and!inconsistencies!negate!the!ability!to!draw!meaningful!conclusions.!!!It!should!also!be!noted!one!or!more!of!the!assumptions!of!Michaelis)Menten!kinetics!may!have!been!violated!when!testing!NdCld.!In!particular,!a!key!assumption!of!steady!state!kinetics!is!that!the!enzyme!concentration!be!substantially!lower!than!the!substrate!concentration.!This!assumption!may!have!been!violated!for!rNDCld.!For!several!replicates,!at!the!lowest!substrate!concentration!used,!the!ratio!of!substrate!to!heme!was!close!to!100.!It!is!also!possible!that!given!the!substantial!amount!of!enzymes!present,!the!reaction!rate!was!too!fast!for!the!system!to!accurately!measure.!Either!the!rate!of!Cl)!production!exceed!the!limits!of!the!probe!or!the!initial!linear!phase!was!so!short!that!data!analysis!was!inaccurate.!In!concert!with!any!effects!due!to!impurities,!the!kinetics!constants!for!rNdCld!should!not!be!considered!representative.!!! Overall,!kinetic!data!from!most!homologs!indicated!that!the!lack!of!purification!appeared!to!impact!the!performance!of!the!enzyme.!The!catalytic!efficiency!dropped!more!than!50%!for!most!homologs.!This!drop!in!efficiency!might!be!more!representative!of!function!during!real!world!application,!especially!compared!to!the!purified,!buffered!systems!typically!used!in!the!world!of!biochemistry.!However,!results!were!still!within!an!order!of!magnitude!of!published!results.!The!results!obtained!for!rNdCld!should!be!viewed!with!caution,!given!the!potential!violation!of!the!assumptions!of!steady)state!kinetics!and!the!inconsistency!of!published!literature!values.!!
Shelf'Life'!Testing!the!long)term!stability!of!Cld!is!a!vital!step!in!the!process!of!bringing!enzymatic!technologies!out!of!the!laboratory.!Enzymes!are!often!considered!to!be!impractical!because!they!often!have!very!short!half)lives.!A!long!shelf!life!would!mean!the!Cld!would!be!easy!to!manufacture!and!transport,!eliminating!a!major!hurdle!in!the!production!process!that!is!often!encountered!with!biological!molecules.!
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Troubleshooting(the(Experimental(Setup(The!initial!tests!of!Cld!stored!as!soluble!protein!fractions!encountered!problems!with!sample!evaporation.!The!shelf!life!test!was!set!up!by!storing!sample!200!µL!aliquots!in!1.5!mL!microcentigfure!tubes.!After!1!month,!noticeable!decreases!in!sample!volumes!were!observed,!which!corresponded!to!substantial!increases!in!activity!(more!than!4!fold).!!To!prevent!this!substantial!evaporation!during!long!periods!of!storage,!the!method!was!adapted.!!Aliquots!were!stored!in!600!µL!microcentrifuge!tubes!and!the!tops!of!all!tubes!were!sealed!with!parafilm.!Additionally,!to!quantify!any!evaporation!that!might!still!occur,!on!the!day!each!aliquot!was!sacrificed!for!activity!measurement,!the!protein!concentration!was!quantified!with!the!BCA!assay.!A!few!examples!of!how!the!activity!and!protein!concentration!changed!with!time!are!shown!in!Figure!23.!Variation!in!protein!quantification!between!independent!tubes!can!be!seen!in!Figure!23.!This!is!likely!related!to!the!observation!that!after!about!a!1!month!of!storage!at!room!temperature!or!2!months!at!4!°C!almost!all!tubes!had!a!visible!insoluble!phase!that!had!precipitated!out!of!solution.!The!formation!of!precipitate!could!have!affected!both!activity!measurements!and!protein!quantification.!!!!!
Stability(Experiment(The!perfected!shelf!life!assay!demonstrated!that!Cld!is!exceptionally!stable!in!solution.!To!compare!between!Cld!homologs,!activity!curves!were!fit!to!the!1st!order!decay!equation!to!calculate!sample!half)life.!Data!from!6!homologs!tested!as!soluble!protein!fractions!and!one!sample!of!purified!Cld!are!presented!in!Table!15.!In!general,!all!tested!strains!showed!exceptional!stability.!The!shortest!half)lives!were!for!samples!stored!at!room!temperature,!with!purified!rAoPSCld!at!13!days!and!MbCld!at!14!days.!The!shortest!half)life!for!a!4!°C!sample!was!MbCld!at!58!days.!For!all!samples!tested,!storage!at!4!°C!dramatically!increased!sample!half)life.!For!MbCld,!pure!rAoPSCld,!and!rIdCld!storage!at!°C!increased!half)life!close!to!4!fold.!!Time!course!plots!of!all!data!can!be!found!in!Appendix!F.!There!were!two!cases!(one!replicate!for!MbCld,!and!DaCld)!where!the!activity!measured!1!week!into!the!experiment!was!significantly!larger!that!the!initial!activity.!Following!this!unexpected!increase,!the!trend!of!activity!followed!characteristic!decay!curves.!!
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Figure&23:&Selected&Data&from&Stability&Experiment&&&The!%!activity!(solid!lines)!and!protein!concentration!(dashed!lines)!during!incubation.!Room!temperature!data!shown!in!solid!shapes!and!open!shapes!represent!storage!at!4!°C.!A)!rNdCld!B)!rMbCld.!
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Table&15:&Comparison&of&Half/lives&
Homolog& Average&Half/life&@&4&°C&(days)&
#&of&
Samples&
Average&Half/life&@&
RT&(days)&
&
#&of&
Samples&AoGRCld! 74±7.2! 4! 42±13! 2!rIdCld! 455! 1! 122! 1!rNdCld! 81±20! 2! 56±5.3! 2!Pure!rAoPSCld! 69! 1! 13! 1!AoPSCld! 147±!170! 3! N/A! 0!DaCld! 88!±20! 3! 37! 1!MbCld! 58±6.1! 2! 14±10! 2!Values!following!“±”!represent!standard!deviation!where!available.!! Another!interesting!feature!of!the!stability!results!was!that!many!of!the!observed!Km!values!were!larger!than!the!value!recorded!at!the!beginning!of!the!experiment.!Of!the!117!measurements,!54!had!a!Km!more!than!50%!larger!than!the!initial!value!where!only!8!were!less!than!half!the!initial!value.!This!observation!could!hint!at!the!chemical!and!physical!mechanisms!resulting!in!a!loss!of!activity.!!Km!quantifies!the!affinity!the!substrate!has!for!the!enzyme.!If!the!key!residues!become!damaged,!or!if!the!enzyme!slightly!changes!its!conformational!state,!the!resulting!changes!could!lower!the!enzyme’s!affinity!towards!its!substrate.!These!types!of!changes!have!been!demonstrated!for!Cld!by!creating!point!mutations!that!lowered!the!kinetic!constants![72,!76]!and!by!altering!the!pH!and!temperature!away!from!the!optimum![78].!Although!temperature!and!pH!changes!are!generally!reversible,!they!will!likely!change!the!enzyme’s!conformation!and/or!ionization!state!in!similar!ways!to!the!more!permanent!chemical!changes!that!could!occur!during!long!periods!of!storage.!!! Another!explanation!for!the!increase!in!Km!could!be!related!to!some!form!of!inhibition.!As!noted!earlier,!kinetic!results!suggest!the!presence!of!inhibitors!in!the!protein!fraction.!The!inhibition!would!have!to!be!exacerbated!over!time!to!explain!the!shelf!life!results.!It!is!interesting!to!note!that!the!purified!rAoPSCld!does!not!show!an!increasing!Km.!This!would!support!the!idea!that!the!complex!system!in!the!unpurified!samples!results!in!
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complicated!mechanisms!of!degradation.!The!unpredictable!nature!of!the!unpurified!system!could!also!be!the!reason!for!the!large!activity!jump!observed!in!MbCld!and!DaCld.!!
! Taken!as!a!whole,!these!results!demonstrate!exceptional!stability!of!Cld.!In!the!presence!of!glycerol!and!with!storage!at!4!°C,!the!half)life!of!all!samples!was!close!to!2!months.!These!relatively!simple!interventions!greatly!prolong!storage!and!will!make!large)scale!processing!and!handling!significantly!easier.!!
Catalytic'Inactivation'An!important!focus!of!this!work!was!the!quantification!of!the!catalytic!inactivation!process!for!many!Cld!homologs.!Because!the!MTTN!has!only!been!quantified!for!DaCld,!it!is!not!known!if!variations!in!Cld!structure!translate!to!differences!in!catalytic!life.!For!instance,!if!Mechanism!A!is!the!true!reaction!mechanism,!it!is!possible!that!slight!changes!in!protein!structure!could!decrease!or!increase!the!probability!of!the!intermediate!hypochlorite!escaping!and!damaging!the!heme!or!the!enzyme.!This!section!will!present!results!from!two!approaches!to!quantifying!the!MTTN:!the!activity!decay!and!heme!bleaching!methods.!First,!however,!this!section!will!begin!with!the!results!that!will!inform!the!choice!of!a!normalization!method.!!
Choice(of(a(Normalization(Method((The!MTTN!is!calculated!by!plotting!the!decay!of!one!of!two!properties!(activity!and!heme!absorbance)!as!a!function!of!the!number!of!catalytic!turnovers!each!individual!enzyme!molecule!has!completed.!This!number!is!calculated!by!taking!the!molar!ratio!of!chlorite!in!the!initial!reaction!mixture!to!the!molar!concentration!of!Cld.!Thus!it!is!imperative!to!know!the!concentration!of!Cld!in!the!soluble!protein!fractions.!Without!an!accurate!quantification,!relative!comparison!between!homologs!and!replicates!is!impossible.!After!conducting!inactivation!experiments!with!the!activity!method,!I!analyized!the!results!with!different!methods!of!normalization!and!concluded!that!heme!normalization!was!the!best!approach.!This!section!explains!the!rational!for!that!conclusion!and!presents!the!data!that!lead!to!it.!!
!
! 79!
As!a!first!comparison,!the!MTTN!obtained!using!each!of!the!three!normalization!methods!were!compared!(Figure!24).!As!already!discussed,!the!quantitative!western!blot!method!reported!lower!concentrations!of!Cld!as!compared!to!the!total!heme!concentration.!The!MTTN!is!inversely!proportional!to!the!concentration!of!Cld!and!this!explains!why!in!general!the!MTTNs!are!the!largest!when!using!western!blot!normalization.!This!ould!be!explained!either!by!the!western!blots!underpredicting!the!Cld!concentration!or!the!heme!concentration!overpredicting!the!Cld!concentration.!!! Examining!these!results,!I!also!noted!the!magnitude!of!the!error!bars!in!Figure!24,!which!reflect!the!standard!deviation!of!the!three!biological!replicates.!It!appears!that!quantitative!western!blotting!method!results!in!larger!uncertainty.!If!true,!this!could!suggest!that!western!blotting!does!not!capture!some!aspect!of!the!replicate)to)replicate!variability.!Although!western!blotting!is!specific!for!Cld,!it!misses!a!key!characteristic:!it!cannot!distinguish!between!active!and!inactive!Cld.!As!mentioned!earlier,!active!Cld!has!a!heme!cofactor!bound!at!the!active!site.!If!the!enzyme!is!not!folded!or!is!improperly!folded!the!enzyme!will!not!function.!Western!blotting!detects!all!Cld,!active!and!inactive,!and!this!could!cause!discrepancy!between!replicates.!To!illustrate!this!problem,!the!MTTN!from!the!three!replicates!for!rNdCld,!grouped!by!inactivation!method,!are!plotted!in!Figure!25.!For!both!the!total!protein!and!western!blot!quantification!the!third!replicate!is!much!larger!than!the!first!and!second.!However,!when!normalizing!to!total!heme,!this!large!variation!disappears.!This!difference!is!also!apparent!in!Table!10,!where!the!Cld!quantification!via!total!protein!or!western!blot!predicts!relatively!consistent!values!for!all!three!replicates.!Only!heme!quantification!shows!the!third!replicate!with!a!substantially!larger!concentration.!!!The!data!shown!in!Figure!25!only!represents!one!case!where!heme!normalization!improves!the!replicate)to)replicate!variability.!To!gain!broader!insight!into!how!all!samples!are!impacted!by!the!normalization!method,!the!coefficient!of!variance!was!calculated!for!each!homolog!and!each!method!(Figure!26).!The!coefficient!of!variance!is!the!ratio!of!the!standard!deviation!to!the!mean,!thus!greater!agreement!between!samples!results!in!a!
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lower!coefficient.!Normalization!to!heme!tends!to!result!in!a!lower!coefficient.!This!analysis!is!by!no!means!conclusive,!but!it!suggests!that!heme!quantification!might!be!more!reliable.!!!
! To!further!examine!the!normalization!methods,!I!evaluated!how!well!they!replicate!the!only!published!value!for!MTTN.!Using!purified!DaCld,!the!MTTN!was!roughly!17,000![64].!This!value!is!represented!as!a!horizontal!line!in!Figure!24.!The!MTTN!for!DaCld!obtained!in!this!work!compared!relatively!well!to!this!value!when!normalized!by!total!protein!(24,000)!or!heme!(21,000);!these!values!are!shown!by!the!solid!arrows!on!Figure!24.!On!the!other!hand,!normalization!with!western!blot!(80,000)!was!not!in!agreement!with!this!published!value!(dashed!arrow!on!Figure!24).!Given!that!the!mass!fraction!of!Cld!used!in!the!total!protein!quantification!was!for!the!same!bacterial!strain!and!from!the!same!
Figure&24:&Comparison&of&Normalization&Methods&Average!MTTN!calculated!using!the!three!normalization!methods:!total!protein!(white),!total!heme!(light!gray),!and!western!blot!(dark!grey).!Error!bars!represent!standard!deviation.!Horizontal!line!marks!previously!published!MTTN!for!DaCld!of!17,000!turnovers![64],!arrows!point!to!corresponding!data!in!this!work.!Solid!arrows!indicate!where!previous!value!was!closely!replicated,!and!the!dashed!arrow!indicates!poor!agreement.!Data!normalized!to!total!heme.!!
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paper!(Streit!et.!al.,!2008)!as!the!turnover!number,!agreement!between!total!protein!normalization!and!published!values!is!expected.!The!fact!that!quantification!to!total!heme!also!yields!a!comparable!MTTN!supports!the!accuracy!of!this!approach.!
! In!conclusion,!the!heme!quantification!will!likely!yield!the!most!reliable!results!and!produces!comparable!results!to!the!literature.!Because!western!blotting!appears!to!have!issues!with!replicate)to)replicate!variation,!and!the!antibody!showed!unequal!reactivity!toward!the!different!Cld!homologs,!western!blotting!is!poorly!suited!for!Cld!quantification.!Heme!quantification!is!the!only!method!that!can!adjust!for!concentrations!in!active!Cld,!best!reduces!replicate)to)replicate!variability,!and!reproduces!previously!published!values.!For!all!subsequent!analysis!the!concentration!of!total!heme!was!therefore!used!as!the!best!surrogate!for!Cld!concentration.!!
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Figure&25:&Replicate/to/replicate&Variation&Comparison!of!the!calculated!maximum!theoretical!turnover!number!for!the!three!replicates!from!rNdCld.!!1st!replicate!shown!in!black,!2ed!replicate!shown!in!dark!grey,!and!3rd!is!light!grey.!X)axis!labels!indicate!normalization!method.!
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Activity(Decay(Method((By!tracking!the!decay!in!activity!of!Cld!upon!exposure!to!chlorite!and!normalizing!to!heme,!the!MTTN!was!quantified!for!the!7!homologs!(Figure!27).!A!table!showing!the!1)way!ANOVA!analysis!between!the!means!can!be!seen!in!Table!16.!rIdCld!had!a!significantly!larger!(p<0.01)!MTTN!than!all!the!other!homologs.!rIdCld!had!a!turnover!number!of!150,000,!while!the!other!homologs!were!had!catalytic!lifespans!equal!to!or!shorter!than!DaCld!at!21,000!turnovers.!The!remaining!Clds!were!statistically!indistinguishable!from!one!another.!As!noted!earlier,!the!calculated!value!for!DaCld!closely!replicated!the!published!value!of!17,000![64].!This!published!value!is!also!represented!by!the!horizontal!line!on!Figure!27.!
!
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Figure&26:&Coefficient&of&Variance&Plot&Coefficient!of!variance!on!replicates!of!maximum!theoretical!turnover!number!calculated!for!each!normalization!method.!!Total!protein!shown!in!white,!total!heme!shown!in!light!grey,!and!western!blot!show!in!in!dark!grey.!!!
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Table&16:&ANOVA&Results&from&Activity&Decay&Experiment&
! AoGRCld& rIdCld& rNdCld& rNwCld& AoPSCld& DaCld& MbCld&AoGRCld& X! ! ! ! ! ! !rIdCld& P<0.01& X! ! ! ! ! !rNdCld& NS*! P<0.01& X! ! ! ! !rNwCld& NS! P<0.01& NS! X! ! ! !AoPSCld& NS! P<0.01& NS! NS! X! ! !DaCld& NS! P<0.01& NS! NS! NS! X! !MbCld& NS! P<0.01& NS! NS! NS! NS! X!*NS!indicates!a!comparison!that!is!not!significant!at!P<0.05.!
Heme(Bleaching(Method((The!MTTN!can!also!be!calculated!by!monitoring!the!changes!in!the!uv$vis!absorption!spectrum!that!occur!when!the!heme!b!moiety!becomes!damaged.!Heme!bound!to!Cld!displays!a!prominent!Soret!adsorption!in!the!400!nm!range.!Soret!absorbance!is!characteristic!for!porphyrins!and!other!heme!binding!proteins.!Concurrent!with!catalytic!
Figure&27:&MTTN&Calculated&by&the&Activity&Decay&Method&Average!of!three!biological!replicates!where!the!error!bars!represent!standard!deviation.!Horizontal!line!is!placed!at!17,000!turnovers!to!represent!previously!published!value!for!purified!DaCld![64].!!Data!normalized!to!total!heme.!Error!bars!on!AoGRCld!are!not!visible!at!this!scale.!
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inactivation!is!the!visually!observable!phenomena!of!heme!bleaching,!resulting!from!destruction!of!the!porhyrin!and!loss!of!the!central!iron!atom.!This!bleaching!can!be!quantified!by!tracking!the!changes!in!Soret!absorption!peak!(Figure!18!Panel!A).!By!correlating!the!height!of!the!Soret!peak!with!the!number!of!catalytic!turnovers!per!heme!(Figure!28!Panel!B),!a!similar!trend!is!observed!to!the!activity!decay!curve!in!Figure!21!Panel!C.!Similarly,!the!x)intercept!provides!an!estimate!of!the!MTTN.!!! Inactivation!was!quantified!by!heme!bleaching!for!6!of!the!7!Clds!(Figure!29!Panel!A).!rNwCld!was!not!included!due!to!issues!with!poor!expression.!rIdCld!again!had!a!significantly!larger!MTTN!of!130,000!compared!to!NdCld!and!DaCld!(p<0.01)!(Table!17).!When!compared!to!MbCld,!AoPSCld,!and!AoGRCld!the!difference!was!not!as!large!but!still!significant!(p<0.05).!rNdCld!had!the!lowest!MTTN!of!11,000!and!only!showed!significant!difference!to!AoPSCld!(p<0.05).!In!general!the!MTTNs!were!larger!than!those!found!when!tracking!decreases!in!activity!(Figure!29!Panel!B).!
Discussion(Several!other!investigators!have!tracked!the!extent!of!inactivation!by!monitoring!bleaching!of!the!heme!signal!via!uv)vis!spectroscopy.!The!same!investigation!which!determined!that!DaCld!had!a!MTTN!of!17,000!by!measuring!activity!decreases!also!found!that!complete!heme!bleaching!occurred!after!~24,000!turnovers![64].!Additionally!investigations!of!HemQ,!a!close!relative!to!Cld,!used!this!method!to!estimate!its!turnover!number!with!respect!to!several!different!substrates![90].!Therefore!this!approach!is!an!accepted!method!to!estimate!the!MTTN.!!
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Table&17:&ANOVA&Results&from&Heme&Bleaching&Experiment&! AoGRCld& rIdCld& rNdCld& AoPSCld& DaCld& MbCld&
AoGRCld& X! ! ! ! ! !
rIdCld& P<0.05& X! ! ! ! !
rNdCld& NS*! P<0.01& X! ! ! !
AoPSCld& NS! P<0.05& P<0.05& X! ! !
DaCld& NS! P<0.01& NS! NS! X! !
MbCld& NS! P<0.05& NS! NS! NS! X!*NS!indicates!a!comparison!that!is!not!significant!at!P<0.05.!
A&
B&
Figure&28:&Calculating&Turnover&Number&by&
Monitoring&Heme&Bleaching&!A)!Changes!in!spectra!after!increasing!exposure!to!chlorite.!Darker!lines!show!greater!exposure.!B)!Plot!of!the!peak!absorbance!against!the!number!of!turnovers!per!heme.!!!
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Figure&29:&Quantifying&Inactivation&via&Heme&Bleaching&A)!Graph!of!maximum!theoretical!turnover!calculated!by!monitoring!the!extent!of!heme!bleaching.!The!error!bars!show!standard!deviation.!Solid!horizontal!line!represents!17,000!turnovers![64].!Dashed!line!represents!24,000!turnovers,!which!was!the!number!turnovers!necessary!to!extinguish!the!heme!signal!of!DaCld![64].!B)!Comparison!of!!the!turnover!number!calculated!from!measuring!activity!decay!(gray)!and!heme!bleaching!(white).!Data!normalized!to!total!heme.!
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This!approach!to!quantifying!inactivation!does!have!its!drawbacks.!Primarily,!this!method!does!not!capture!any!damage!to!the!enzyme!that!might!alter!activity.!For!instance,!if!damage!occurred!to!the!key!catalytic!residues,!activity!would!be!drastically!decreased,!if!not!completely!eliminated,!but!the!heme!signal!would!remain!unchanged.!This!would!tend!to!increase!the!observed!MTTN!relative!to!the!activity!decay!method.!This!could!explain!why!the!heme!bleaching!method!found!larger!MTTNs!for!AoGRCld,!AoPSCld,!and!MbCld.!This!analysis!would!also!be!impacted!by!background!heme!that!is!not!associated!with!Cld.!If!100%!of!the!heme!was!associated!with!Cld,!the!heme!signal!should!be!completely!eliminated!upon!exposure!to!chlorite.!In!some!samples,!the!heme!signal!plateaus!at!around!10)20%!the!height!of!the!initial!peak.!In!these!samples!it!was!clear!that!substantial!amounts!of!unreacted!chlorite!remained.!It!is!possible!that!the!reaction!did!not!reach!completion!because!all!the!Cld!had!been!destroyed,!and!thus!the!remaining!signal!was!from!non)Cld!heme.!Another!explanation!would!be!that!the!reaction!reached!kinetic!limitations!imposed!by!product!inhibition!by!chloride.!The!small!volume!of!the!reactions!would!eventually!result!in!chloride!concentrations!in!the!500!mM!range,!which!is!more!than!double!the!estimated!KI!for!DaCld!of!225mM![64].!Both!of!these!mechanisms!could!potentially!lead!to!overestimating!the!MTTN!by!the!heme!bleaching!method.!!One!trend!that!remains!consistent!throughout!the!data!is!the!rNdCld!has!the!lowest!MTTN.!This!holds!true!for!both!activity!decay!and!for!the!heme!bleaching!method,!whit!the!catalytic!life!of!rNdCld!being!about!half!of!DaCld.!Another!general!trend!that!can!be!observed!is!that!rIdCld!tends!to!have!the!longest!catalytic!life.!The!MTTN!for!rIdCld!was!more!than!7!times!larger!than!DaCld,!based!on!the!activity!decay!method,!and!from!the!bleaching!data!IdCld!was!1.7!times!larger!than!the!second!largest!MbCld.!The!remaining!homologs!showed!no!significant!difference!in!turnover!number.!!! '
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CHAPTER'4'–'Conclusions'and'Future'Work'This!work!demonstrated!the!ability!to!compare!Cld!homologs!in!unpurified!soluble!protein!fractions,!foregoing!complex!purification!procedures.!This!necessitated!establishing!a!method!to!estimate!the!concentration!of!Cld!in!complex!mixtures.!From!a!direct!comparison!of!the!methods!of!normalization,!using!heme!as!a!surrogate!for!Cld!appears!to!be!the!best!method!for!inter)homolog!comparisons.!Heme!normalization!most!accurately!controls!for!replication)to)replicate!variability!and!is!the!only!method!that!can!account!for!differences!in!active!Cld!concentration!Although!heme!quantification!could!underestimate!the!MTTN,!it!replicated!the!only!previously!published!turnover!value!for!DaCld.!Heme!quantification!is!a!standard!and!accepted!method!used!for!quantifying!active!Cld!concentration!in!purified!kinetic!studies![64].!!! These!results!presented!here!provide!the!first!comparative!study!of!catalytic!inactivation!across!a!variety!of!Cld!homologs.!rIdCld!has!a!significantly!longer!catalytic!life!than!the!other!tested!Clds.!At!a!minimum,!rIdCld!could!catalyze!close!to!double!the!amount!of!reactions!before!inactivating.!!Although!not!significant!in!all!cases,!rNdCld!was!found!to!have!the!lowest!catalytic!life!of!all!the!tested!Clds,!catalyzing!roughly!half!as!many!reactions!as!most!other!homologs.!Overall,!rIdCld!is!a!strong!candidate!for!future!investigations!into!catalytic!inactivation!and!for!implementation!in!perchlorate/chlorite!treatment!systems.!! This!work!also!highlights!some!of!the!complications!that!arise!when!working!with!unpurified!enzymes.!My!results!indicate!there!are!negative!effects!on!the!kinetics!of!Cld!when!working!with!unpurified!protein!fractions.!These!effects!also!might!worsen!when!samples!are!stored!in!liquid!phase!for!long!periods!of!time.!On!the!other!hand,!Cld!is!very!stable!during!storage.!With!minimal!intervention,!storage!at!4!°C!and!addition!of!glycerol,!half)lives!on!the!order!of!1)2!months!were!observed.!This!exceptional!storage!life!will!make!future!application!of!these!enzymes!to!water!treatment!much!more!feasible.!!! Moving!forward,!further!testing!of!rIdCld!should!be!conducted!to!replicate!these!results!and!potentially!optimize!this!enzyme!for!treatment!application.!A!logical!next!step!
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would!be!to!purify!rIdCld!and!test!the!purified!enzyme!again!to!confirm!the!MTTN!reported!here.!To!aid!in!purification!and!to!assist!future!testing,!the!optimal!path!would!be!to!subclone!rIdCld!out!of!its!current!expression!vector!and!attach!an!affinity!tag.!This!would!serve!two!purposes:!it!would!allow!for!rapid!one!step!purification,!as!opposed!to!the!multiple!column!purification!that!would!be!required!for!untagged!enzyme,!and!it!would!allow!for!simple!rapid!column!testing!of!a!continuous!flow!treatment!system.!This!flow!system!could!also!be!used!to!directly!test!the!maximum!turnover!number!based!on!breakthrough!curves.!! An!additional!line!of!investigation!would!be!to!more!thoroughly!explore!negative!impact!on!kinetics!when!working!in!dirty!system.!Characterization!of!these!enzymes!in!more!realistic!solutions!will!be!a!vital!step!in!the!development!these!treatment!approaches.!This!could!include!testing!in!real!or!simulated!groundwater,!testing!in!the!presence!of!NOM,!testing!in!IX!waste!brine,!or!assessing!the!impact!of!disinfectants.!Building!upon!the!results!of!this!work!will!be!essential!if!these!types!of!technologies!are!to!mature.!!! It!may!also!be!necessary!to!further!extend!the!catalytic!life!of!rIdCld!by!applying!directed!evolution.!By!generating!thousands!of!mutations!in!the!sequence!of!Cld,!beneficial!mutations!that!extend!the!catalytic!life!might!emerge!through!the!application!of!selective!pressure.!If!improved!mutants!are!identified!they!could!also!be!used!for!more!fundamental!investigations.!Analysis!of!the!mutants!generated!through!directed!evolution!could!lead!to!the!development!of!a!model!that!could!improve!the!understanding!of!catalytic!inactivation!process!in!general.!This!model!could!then!be!used!to!screen!the!many!hundreds!of!Cld!that!have!been!identified!through!genome!sequencing!and!have!yet!to!be!isolated!or!tested.!!!! Keeping!in!line!with!more!fundamental!investigation,!thoroughly!investigating!the!observed!differences!between!the!activity!decay!and!heme!bleaching!methods!might!yield!valuable!insight.!The!observation!that!for!most!homologs!the!turnover!number!found!via!the!heme!bleaching!method!was!larger,!yet!for!rIdCld!it!remained!relatively!constant,!could!indicate!slightly!different!mechanisms!of!inactivation.!This!observation!could!be!explained!if!some!homologs!are!more!prone!to!heme!damage!while!others!tend!to!get!damaged,!in!
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other!ways.!Perhaps!rIdCld!only!inactivates!via!heme!destruction!and!is!protected!against!other!forms!of!oxidative!damage.!By!exploring!this!phenomenon!more!thoroughly,!a!new!understanding!of!catalytic!inactivation!might!be!gained.!!! A!more!targeted!approach!to!potentially!extending!the!catalytic!life!of!Cld!could!draw!from!its!similarity!in!both!structure!and!function!to!other!peroxidase!enzymes.!Most!members!of!the!peroxidase!family!are!hampered!by!substrate/product)mediated!catalytic!inactivation.!As!with!Cld,!the!proposed!mechanisms!of!inactivation!are!tied!to!modification!or!damage!to!the!heme!prosthetic!group.!Several!mammalian!peroxidases,!LPO!and!MPO,!are!somewhat!resistant!to!inactivation!due!to!covalent!linkages!between!several!amino!acids!and!the!heme!moiety![83,!84].!It!could!be!an!interesting!line!of!investigation!to!modify!Cld!in!such!a!way!that!these!linkages!would!be!possible!and!express!the!enzyme!in!a!mammalian!system!that!might!form!these!covalent!bonds.!This!work!would!take!extensive!effort!and!would!likely!not!be!relevant!for!application!for!Cld!for!perchlorate/chlorite!treatment,!but!would!serve!to!further!expand!our!understanding!of!this!unique!oxygen)forming!enzyme.!!!!!! Overall,!this!work!represents!the!first!head)to)head!comparison!of!Cld!homologs!with!the!goal!of!assessing!their!potential!for!water!treatment!applications.!rIdCld!has!emerged!from!this!analysis!as!the!leading!candidate!for!water!treatment,!given!its!significantly!longer!catalytic!life.!Additionally,!this!work!demonstrated!the!exceptional!longevity!of!Cld!stored!in!liquid!phase.!Also!demonstrated!was!the!use!of!an!ISE!to!measure!the!enzyme!kinetics!and!MTTN.!This!methodology!closely!replicated!previously!published!results.!With!the!identification!of!a!promising!candidate,!a!significant!step!has!been!taken!toward!making!perchlorate!enzymatic!treatment!a!reality.! !
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APPENDIX'A'M'Growth'of'Native'Bacterial'Hosts''
! This!appendix!describes!the!successful!and!unsuccessful!attempts!to!grow!Cld)expressing!microorganisms.!!! Lyophilized!samples!of!Dechloromonas!aromatica!RCB!and!Magnetospirillum!bellicus!VDY!were!obtained!from!ATCC.!Both!samples!were!rehydrated!and!grown!in!10!mL!of!aerobic!nutrient!broth!(ATCC!Medium!3)!at!30!°C.!After!72!hrs,!both!cultures!were!turbid.!!These!samples!were!then!used!to!inoculate!50!mL!of!modified!RTS!(Table!7)!media!and!grown!anaerobically!at!30!°C.!After!48!hrs,!these!anaerobic!cultures!reached!an!OD600!of!between!0.5)0.6.!These!cultures!were!then!used!to!make!10!mL!freezer!stocks!in!10%!glycerol!and!were!stored!at!)80!°C.!!
! Initial!attempts!were!unsuccessful!to!grow!Azospira!oryzae!GR)1!from!lyophilized!samples.!In!the!first!attempt,!no!growth!was!observed!either!in!10!mL!liquid!nutrient!broth!or!on!agar!plates.!!A!second!attempt!showed!growth!in!nutrient!broth!after!5!days.!This!culture!was!used!to!inoculate!a!50!mL!anaerobic!bottle!containing!modified!RTS!media.!No!growth!was!observed!during!anaerobic!growth!at!30!°C.!This!sample!was!constantly!manipulated!during!the!first!5!days!of!aerobic!growth,!making!contamination!a!strong!possibility.!Because!confidence!in!this!culture!was!low,!a!third!sample!was!obtained!from!ATCC.!The!final!sample!of!strain!GR)1!arrived!as!a!live!liquid!culture.!This!culture!was!transferred!into!fresh!nutrient!broth!to!allow!the!cells!to!recover.!After!an!overnight!incubation,!these!cultures!showed!significant!growth!and!were!used!to!make!10%!glycerol!freezer!stocks!that!were!stored!at!)80!°C.!One!of!these!freezer!stocks!was!used!to!inoculate!two!50!mL!anaerobic!cultures.!These!cultures!reached!an!OD600!of!0.5!after!48!hrs.!These!anaerobic!cultures!were!then!used!to!make!the!10!mL!10%!glycerol!freezer!stocks!and!were!stored!at!)80!°C.!
!
Ideonella!dechloratans!was!never!grown!successfully.!!A!lyophilized!sample!was!obtained!from!ATCC!and!per!their!recommendations,!was!rehydrated!in!brain!heart!infusion!broth!(ATCC!Medium!44).!Following!rehydration,!the!cell!solution!was!used!to!
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inoculate!10mL!of!brain!heart!infusion!broth!and!to!inoculate!a!blood!agar!plate!(ATCC!Medium!260).!The!following!day,!a!few!colonies!were!observed!on!the!plate,!but!when!these!colonies!were!transferred!to!liquid!culture,!no!growth!was!observed.!The!initial!liquid!culture!may!have!shown!growth,!it!was!difficult!to!tell!given!the!rehydrated!mixture!was!turbid!after!inoculation.!For!good!measure,!the!liquid!culture!was!used!to!inoculate!two!50!mL!anaerobic!RTS!cultures.!After!several!days,!one!culture!appeared!to!have!mold!contamination!and!the!other!was!not!turbid.!!! After!initial!attempts!to!grow!Ideonella!dechloratans!failed,!a!live!culture!was!obtained!from!ATCC.!This!live!culture!arrived!on!an!agar!slant!and!was!used!to!inoculate!10!mL!of!brain!heart!broth!and!was!streaked!onto!blood!agar!plates.!The!liquid!culture!did!not!show!any!growth!after!48!hrs,!but!again!colonies!were!observed!on!the!plate.!This!plate!was!stored!at!4!°C!for!several!weeks!during!the!winter!break.!The!liquid!cultures!were!also!left!mixing!at!37!°C!during!this!period.!After!the!break,!one!of!the!two!liquid!cultures!was!turbid.!The!turbid!culture!was!used!to!inoculate!an!anaerobic!RTS!culture!that!failed!to!grow.!Colonies!from!the!plate!were!also!used!to!inoculate!liquid!cultures.!No!growth!was!observed.!!! Three!separate!attempts!were!made!to!grow!Pseudomonas!chloritidismutans.!Two!samples!were!obtained!as!lyophilized!samples!and!a!third!was!obtained!as!a!live!culture!on!an!agar!slant.!Both!lyophilized!samples!grown!in!10!mL!aerobic!nutrient!broth!looked!like!they!were!contaminated.!These!cultures!showed!growth!as!a!slimy,!smooth!mass!that!was!difficult!to!separate.!When!grown!on!agar,!the!entire!plate!was!covered!with!a!connected,!opaque!mass.!When!the!liquid!cultures!were!used!to!inoculate!anaerobic!RTS!media,!a!few!small!string)like!masses!were!observed!but!they!never!increased!in!size!or!number.!These!were!likely!the!masses!initially!present!during!inoculation.!The!live!culture!from!the!slant!grew!in!a!similar!manner!when!grown!aerobically!in!nutrient!broth.!This!pattern!of!growth!has!not!been!reported!for!this!species!of!Pseudomonas.!P.!chloritidismutans!are!reported!to!be!motile!rods!when!grown!aerobically!in!liquid!culture.!In!any!case,!if!the!observed!growth!was!pseudomonas,!the!organism!was!not!behaving!properly!and!could!not!be!used!to!produce!Cld.!!
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Nitrobacter!winogradskyi,!like!many!other!nitrite!oxidizing!organisms,!grows!extremely!slowly!and!is!difficult!to!work!with.!Two!lyophilized!samples!were!obtained!from!ATCC!and!rehydrated!in!ATCC!Medium!480.!One!sample!was!grown!at!37!°C!and!the!other!at!30!°C.!Cyclohexamide,!an!antifungal!compound,!was!added!to!the!37!°C!sample!given!that!mold!contamination!was!an!issue!at!the!time.!Per!the!instructions!of!ATCC,!both!cultures!were!monitored!for!nitrite!oxidation!over!the!period!of!6!weeks.!Neither!sample!showed!any!nitrite!reduction!or!visible!growth!during!these!periods.!!!! '
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APPENDIX'B'–'Enterokinase'Cleavage'Issues'! The!pET51b(+)!expression!vector!was!chosen!for!two!reasons.!First,!it!provided!the!ability!to!attach!a!Strep!II!tag!to!the!protein,!thus!allowing!for!easy,!rapid!purification.!Second,!pET51b!also!encodes!for!an!enterokinase!cleavage!site!(DDDDK)!following!sequence!encoding!for!the!Strep!II!tag.!The!ability!to!cleave!the!tag!after!purification!was!desired!because!it!would!increase!the!likelihood!that!the!antibodies!in!the!immune!serum!would!target!only!the!sequence!of!Cld!and!not!the!18!amino!acid!Strep!II!tag,!!! Unfortunately,!attempts!to!cleave!the!tag!from!purified!recombinant!Cld!were!unsuccessful.!Although!cleavage!did!occur,!high!efficiency!cleavage!was!never!obtained!(Figure!38).!Despite!varying!the!cleavage!conditions!(incubation!time!and!protease!concentration)!and!adding!detergents!(Triton!X)100!and!DTT),!efficient!cleavage!was!never!observed.!Effective!cleavage!was!observed!when!extremely!large!amounts!of!enterokinase!were!used!(Figure!38!lanes!3!and!4).!At!a!concentration!of!1!U!µg)1!a!cleavage!ratio!of!close!to!80%!was!achieved!after!34!hrs!of!incubation.!At!this!concentration!it!would!have!cost!close!to!$10,000!to!obtain!the!4)5!mg!of!protein!that!was!required!for!antibody!production.!!At!a!more!reasonable!concentration!of!15!U!µg)1,!only!34%!cleavage!was!observed!(Figure!38!lane!5)!after!a!34!hr!incubation!period.!The!cleavage!control!protein!did!show!close!to!100%!cleavage!at!a!concentration!of!15!U!µg)1!after!34!hrs!(Figure!38!lane!7).!Therefore,!the!full)length!rAoPSCLd,!including!the!N)terminal!tag,!was!sent!to!Capralogics!for!polyclonal!antibody!production.!!
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!!!!!!!!!!!!
'! '
C!
1!!!!!!2!!!!!!3!!!!!4!!!!!!5!!!!!6!!!!!!7!!!!!8! Figure&30:&Enterokinase&Cleavage!Lanes!1!and!8!are!the!protein!ladder.!Lane!2!contains!purified!protein.!Lanes!3!and!4!are!4!hrs!and!34!hrs!samples!respectively!at!a!concentration!of!1.5!U!µg)1.!Lane!5!shows!cleavage!after!34hr!at!a!concentration!of!15!U!µg)1.!Lanes!6!and!7!show!the!cleavage!control!protein!at!15!U!µg)1!at!4!hrs!and!34!hrs!respectively.!The!arrows!mark!additional!low!molecular!weight!bands!that!could!indicate!non)specific!cleavage.!Full)length!cleavage!control!protein!appears!around!48!kD!and!cut!fragments!are!32!kD!and!16!kD!respectively.!
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APPENDIX'C'–'MATLAB'Code'!
function varargout = ISE_Cl_Probe(varargin) 
% ISE_CL_PROBE MATLAB code for ISE_Cl_Probe.fig 
%      ISE_CL_PROBE, by itself, creates a new ISE_CL_PROBE or raises the 
existing 
%      singleton*. 
% 
%      H = ISE_CL_PROBE returns the handle to a new ISE_CL_PROBE or the 
handle to 
%      the existing singleton*. 
% 
%      ISE_CL_PROBE('CALLBACK',hObject,eventData,handles,...) calls the local 
%      function named CALLBACK in ISE_CL_PROBE.M with the given input 
arguments. 
% 
%      ISE_CL_PROBE('Property','Value',...) creates a new ISE_CL_PROBE or 
raises the 
%      existing singleton*.  Starting from the left, property value pairs are 
%      applied to the GUI before ISE_Cl_Probe_OpeningFcn gets called.  An 
%      unrecognized property name or invalid value makes property application 
%      stop.  All inputs are passed to ISE_Cl_Probe_OpeningFcn via varargin. 
% 
%      *See GUI Options on GUIDE's Tools menu.  Choose "GUI allows only one 
%      instance to run (singleton)". 
% 
% See also: GUIDE, GUIDATA, GUIHANDLES 
  
% Edit the above text to modify the response to help ISE_Cl_Probe 
  
% Last Modified by GUIDE v2.5 25-Jun-2014 17:46:43 
  
% Begin initialization code - DO NOT EDIT 
gui_Singleton = 1; 
gui_State = struct('gui_Name',       mfilename, ... 
                   'gui_Singleton',  gui_Singleton, ... 
                   'gui_OpeningFcn', @ISE_Cl_Probe_OpeningFcn, ... 
                   'gui_OutputFcn',  @ISE_Cl_Probe_OutputFcn, ... 
                   'gui_LayoutFcn',  [] , ... 
                   'gui_Callback',   []); 
if nargin && ischar(varargin{1}) 
    gui_State.gui_Callback = str2func(varargin{1}); 
end 
  
if nargout 
    [varargout{1:nargout}] = gui_mainfcn(gui_State, varargin{:}); 
else 
    gui_mainfcn(gui_State, varargin{:}); 
end 
% End initialization code - DO NOT EDIT 
end 
  
  
% --- Executes just before ISE_Cl_Probe is made visible. 
function ISE_Cl_Probe_OpeningFcn(hObject, eventdata, handles, varargin) 
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% This function has no output args, see OutputFcn. 
% hObject    handle to figure 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
% varargin   command line arguments to ISE_Cl_Probe (see VARARGIN) 
  
%List of global variables  
global DAQ %Allows global access to the DAQ session 
global OFFLINE %Array that stores data whole not reacrding data 
global DATA %Array that stores data during collection periods 
global C_A %Stores calibration constant 
global C_B %Stores calibration constant 
global mV %Array that stores mV values from probe 
global lh %Allows global access to listener  
  
%Creates session to interface with the National Instruments DAQ 
DAQ=daq.createSession('ni'); 
  
%Add channel to record data for the probe 
ch=DAQ.addAnalogInputChannel('dev2','ai0','Voltage'); 
  
%Set range of reading to +-1mV 
ch.Range=[-1,1]; 
  
%Set data collection rate to 1000Hz 
DAQ.Rate=1000; 
  
%Continously monitor data in background 
DAQ.IsContinuous = true; 
  
%Transmit data every 500 readings or 0.5s  
DAQ.NotifyWhenDataAvailableExceeds = 500; 
  
%Specifies function that is called to process transmitted data. The function 
called is  
%updatePlot 
lh=DAQ.addlistener('DataAvailable',@(src,event)updatePlot(src,event,handles))
; 
  
%Start recording data 
DAQ.startBackground() 
  
%Clears data storage variables 
DATA=[-1 -1]; 
mV=[-1]; 
OFFLINE=[-1 ,-1]; 
  
%Provide some values for calibration constants 
C_A=119351.6; 
C_B=-0.05280; 
  
  
% Choose default command line output for ISE_Cl_Probe 
handles.output = hObject; 
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% Update handles structure 
guidata(hObject, handles); 
  
% UIWAIT makes ISE_Cl_Probe wait for user response (see UIRESUME) 
% uiwait(handles.figure1); 
  
%Sets all the fields in the GUI to their initial states 
set(handles.CalButtons,'selectedobject',handles.Equation) 
set(handles.a,'Enable','on'); 
set(handles.b,'Enable','on'); 
set(handles.a,'String','119351.6'); 
set(handles.b,'String','-0.05280'); 
set(handles.Cal_Plot,'Visible','off'); 
set(handles.Instructions,'Visible','off'); 
set(handles.Calibrate,'Enable','off'); 
set(handles.Cal_Start,'Visible','off'); 
set(handles.Cal_Plot_X,'Visible','off'); 
set(handles.Cal_Plot_Y,'Visible','off'); 
set(handles.Log,'String', 'Using Example Calibration. Concenrtation data are 
not accurate. Probe requires calibration'); 
set(handles.Log,'BackgroundColor', 'Red'); 
end 
  
  
% --- Outputs from this function are returned to the command line. 
function varargout = ISE_Cl_Probe_OutputFcn(hObject, eventdata, handles)  
% varargout  cell array for returning output args (see VARARGOUT); 
% hObject    handle to figure 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Get default command line output from handles structure 
varargout{1} = handles.output; 
end 
  
  
% --- Executes on button press in StartStop. 
function StartStop_Callback(hObject, eventdata, handles) 
% hObject    handle to StartStop (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
    global RECORDING 
    global DATA 
    global OFFLINE 
    global mV; 
    % Hint: get(hObject,'Value') returns toggle state of StartStop 
  
    %If the data is not recording 
    if get(hObject, 'Value') 
        %Reset data collection field and indicate that date is 
        %being recorded 
        set(hObject,'ForegroundColor','red'); 
        set(hObject,'String','Stop Recording'); 
        RECORDING=true; 
        DATA=[-1 -1]; 
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        mV=[-1]; 
  
    else %If data is recording 
         
        %Reset fields 
        set(hObject,'ForegroundColor','green'); 
        set(hObject,'String','Start Recording'); 
         
        %Reset system to offline state 
        RECORDING=false; 
         
        %Generate file name that will be used to output data 
        
Out_Name=strcat(get(handles.Name,'String'),'_',datestr(clock,'mmDDYY'),'.csv'
); 
       if exist(Out_Name,'file')==2 
           
Out_Name=strcat(get(handles.Name,'String'),'_',datestr(clock,'mmDDYY_HH-
MM'),'.csv'); 
       end 
        
       %Creates a file with the output data collected during recording 
       %period using the file name generated above 
       csvwrite(Out_Name,[DATA mV]); 
  
       %Reste ofline collection array 
       OFFLINE=[-1,-1];   
  
    end 
end  
  
  
  
function Name_Callback(hObject, eventdata, handles) 
% hObject    handle to Name (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (seeGUIDATA) 
  
% Hints: get(hObject,'String') returns contents of Name as text 
%        str2double(get(hObject,'String')) returns contents of Name as a 
double 
end 
  
% --- Executes during object creation, after setting all properties. 
function Name_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to Name (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
    if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
        set(hObject,'BackgroundColor','white'); 
    end 
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    if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
        set(hObject,'BackgroundColor','white'); 
    end 
  
end 
  
%Function that is called every 0.5s when the DAQ sends data to the computer 
function updatePlot(src,event,handles) 
    global RECORDING 
    global DATA 
    global mV 
    global OFFLINE 
    global C_A 
    global C_B 
    global START_TIME %Variable that records the start time of the recodring 
     
    %Average the data over the 0.5s window 
    Ave=mean(event.Data); 
     
    %If the probe is actively recording data 
    if RECORDING 
        %If the this is the first recorded time point 
       if DATA(1,1)==-1 
            
           DATA=[0, C_A*exp(Ave*1000*C_B)];%Calculate and store ppm value 
           mV=Ave;%Store raw mV value 
           START_TIME=event.TimeStamps(end);%Store time point 
       else 
           Elapsed=event.TimeStamps(end)-START_TIME;%calculate elapsed time 
           DATA=[DATA; Elapsed, C_A*exp(Ave*1000*C_B)];%Store new ppm value 
           mV=[mV;Ave];%Store new mV value 
       end 
        
        DataSize=size(DATA,1); 
        
        %Update the plot in the GUI with the new data 
        plot(handles.Plot,DATA(:,1), DATA(:,2)); 
         
        %Updaet the text with latest ppm value 
        set(handles.Live2, 'String', [{num2str(DATA(DataSize,2))},{' ppm'}]) 
         
    else %If data is not being recorded plot live probe data for 10s then 
reset graph 
        if size(OFFLINE,1)>20 
            
             
            OFFLINE=[event.TimeStamps(end), C_A*exp(Ave*1000*C_B)]; 
            
            DataSize=size(OFFLINE,1); 
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            plot(handles.Plot,OFFLINE(:,1),OFFLINE(:,2)); 
           set(handles.Live2, 'String', [{num2str(OFFLINE(DataSize,2))},{' 
ppm'}]) 
            
        elseif OFFLINE(1,1)==-1 
             OFFLINE=[event.TimeStamps(end), C_A*exp(Ave*1000*C_B)]; 
             
            DataSize=size(OFFLINE,1); 
            t_tmp=OFFLINE(1:10:DataSize,1); 
            d_tmp=OFFLINE(1:10:DataSize,2); 
             
            plot(handles.Plot,OFFLINE(:,1),OFFLINE(:,2)); 
            set(handles.Live2, 'String', [{num2str(OFFLINE(DataSize,2))},{' 
ppm'}]) 
        else 
            OFFLINE=[OFFLINE; event.TimeStamps(end), C_A*exp(Ave*1000*C_B)]; 
             
            DataSize=size(OFFLINE,1); 
            t_tmp=OFFLINE(1:10:DataSize,1); 
            d_tmp=OFFLINE(1:10:DataSize,2); 
             
            plot(handles.Plot,OFFLINE(:,1),OFFLINE(:,2)); 
            set(handles.Live2, 'String', [{num2str(OFFLINE(DataSize,2))},{' 
ppm'}]) 
            
        end 
         
         
    end 
     
end 
  
  
% --- Executes on button press in Terminate. 
%Function that terminates or restarts the session  
function Terminate_Callback(hObject, eventdata, handles) 
% hObject    handle to Terminate (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hint: get(hObject,'Value') returns toggle state of Terminateend 
global lh 
global DAQ  
  
  
if get(hObject, 'Value') %If session is currently active  
        %Change button text  
        set(hObject,'ForegroundColor','green'); 
        set(hObject,'String','Restart'); 
         
        %Stop the session 
        DAQ.stop(); 
        delete(lh); 
else 
        %Change button text 
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        set(hObject,'ForegroundColor','red'); 
        set(hObject,'String','Terminate');  
         
        %Start a new session 
        
lh=DAQ.addlistener('DataAvailable',@(src,event)updatePlot(src,event,handles))
; 
        DAQ.startBackground() 
  
    end 
end 
  
  
%Function that handles inputs to calibration constant field 
function a_Callback(hObject, eventdata, handles) 
% hObject    handle to a (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of a as text 
%str2double(get(hObject,'String')) returns contents of a as a double 
global C_A 
global C_B 
  
C_A=str2double(get(hObject,'String')); 
  
%If user has modified both calibration constant fields 
if C_A~=119351.6 && C_B~=-0.05280 
    set(handles.Log,'BackgroundColor', 'Green'); 
    set(handles.Log,'String','Calibration input by user'); 
end 
     
end 
  
  
% --- Executes during object creation, after setting all properties. 
function a_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to a (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
end 
  
  
%Function that handles inputs to calibration constant field 
function b_Callback(hObject, eventdata, handles) 
% hObject    handle to b (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
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% Hints: get(hObject,'String') returns contents of b as text 
%        str2double(get(hObject,'String')) returns contents of b as a double 
global C_B 
global C_A 
  
C_B=str2double(get(hObject,'String')); 
  
%If user has modified both calibration constant fields 
if C_A~=119351.6 && C_B~=-0.05280 
    set(handles.Log,'BackgroundColor', 'Green'); 
    set(handles.Log,'String','Calibration input by user'); 
end 
  
end 
  
  
% --- Executes during object creation, after setting all properties. 
function b_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to b (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
end 
  
  
% --- Executes on button press in Calibrate. 
%Function that handles the calibration of the probe 
function Calibrate_Callback(hObject, eventdata, handles) 
% hObject    handle to Calibrate (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
global C_A 
global C_B 
global DAQ 
global CAL_DATA 
global lh 
global CAL_READY 
global CALIBRATING 
global CAL_LIVE 
global CAL_COLLECT 
global NEW_SAMPLE 
  
set(hObject,'Enable','off'); 
     
    %Resets calibration data 
    CAL_DATA=-1; 
         
     
    %Prepares GUI for calibration 
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    CAL_READY=false; 
    set(handles.Cal_Plot,'Visible','on'); 
    set(handles.Instructions,'Visible','on'); 
    set(handles.Cal_Start,'Visible','on'); 
    set(handles.Cal_Start,'Enable','on') 
    set(handles.Cal_Plot_X,'Visible','on'); 
    set(handles.Cal_Plot_Y,'Visible','on'); 
     
    set(handles.Plot_Y,'String','mV'); 
     
    set(handles.Live2,'Visible','off'); 
     
    set(handles.Instructions,'String', 'Insert 1 ppm Standard and press 
"Done"'); 
    cla(handles.Plot); 
     
    %Stops current session and creates a new session 
    DAQ.stop(); 
    delete(lh); 
  
    %Specifies a new function that is called when the DAQ passes data to 
    %the computer. Will now call the function Calibrating 
    lh = DAQ.addlistener('DataAvailable', 
@(src,event)Calibrating(src,event,handles)); 
    DAQ.IsContinuous = true; 
    DAQ.startBackground() 
    
    %Starts calibration 
    CALIBRATING=true; 
     
    %Resets the data recording arrays that collect data during calibration 
    CAL_LIVE=[-1 -1]; 
    CAL_COLLECT=false; 
    NEW_SAMPLE=true; 
     
     
    %Infinite loop that will keep the probe in calibration mode until 
    %finished with calibration 
    while CALIBRATING==true 
        pause (10); 
    end 
     
    %Ends calibration session 
    delete(lh); 
     
    %Restarts session in normal mode 
    
lh=DAQ.addlistener('DataAvailable',@(src,event)updatePlot(src,event,handles))
; 
    DAQ.startBackground() 
     
    %Resets GUI to be used for data recording 
    set(handles.Live2,'Visible','on'); 
    set(handles.Cal_Plot,'Visible','off'); 
    set(handles.Instructions,'Visible','off'); 
    set(handles.Cal_Start,'Visible','off'); 
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    set(handles.Cal_Plot_X,'Visible','off'); 
    set(handles.Cal_Plot_Y,'Visible','off'); 
     
    set(handles.Plot_Y,'String','[Cl-] (ppm)'); 
  
    set(handles.CalButtons,'selectedobject',handles.Equation) 
    set(handles.a,'Enable','on'); 
    set(handles.b,'Enable','on'); 
     
    set(handles.a,'String',num2str(C_A)); 
    set(handles.b,'String',num2str(C_B)); 
     
    set(hObject,'Enable','off'); 
     
    set(handles.Log,'BackgroundColor', 'Green'); 
     
    cla(handles.Cal_Plot); 
     
  
end 
  
%Function that handles changes in the buttons used during calibration  
function CalButtons_SelectionChangeFcn(hObject, eventdata, handles) 
% hObject    handle to the selected object in uipanel1  
% eventdata  structure with the following fields (see UIBUTTONGROUP) 
%   EventName: string 'SelectionChanged' (read only) 
%   OldValue: handle of the previously selected object or empty 
%   NewValue: handle of the currently selected object 
% handles    structure with handles and user data (see GUIDATA) 
global C_A 
global C_B 
global DAQ 
global CAL_DATA 
switch get(eventdata.NewValue,'Tag') % Get Tag of selected object. 
    case 'Live' 
        set(handles.Calibrate,'Enable','on'); 
        set(handles.a,'Enable','off'); 
        set(handles.b,'Enable','off'); 
    case 'Equation' 
        set(handles.Calibrate,'Enable','off'); 
        set(handles.a,'Enable','on'); 
        set(handles.b,'Enable','on'); 
  
       
         
         
    end 
end 
  
%Function that is called to parse data during calibration. Basic 
%functionality: prompts user to place the probe in the first calibration 
%solution and to press a button once completed. The probe will reset the 
%live data graph to record indefinably. The user will wait until the 
%reading stabilizes and then will press the Collect button. Data will be 
%recorded for 5s and then averaged. Data is stored and the user is prompted 
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%to place the probe in a new sample. 
function Calibrating(src, event,handles) 
    global CAL_DATA 
    global CAL_READY 
    global C_A 
    global C_B 
    global CAL_COLLECT 
    global CALIBRATING 
    global CAL_LIVE 
    global DATA_FOR_CAL 
     
    Ave=mean(event.Data); 
     
     
    t_temp=event.TimeStamps(end); 
     
    if CAL_READY == false && CAL_COLLECT~=true 
        if CAL_LIVE(1,2)==-1 
            CAL_LIVE=[t_temp,Ave]; 
        else 
            CAL_LIVE=[CAL_LIVE; t_temp,Ave]; 
        end 
        plot(handles.Plot,CAL_LIVE(:,1),CAL_LIVE(:,2)); 
         
    elseif CAL_COLLECT==true 
         
        if DATA_FOR_CAL(1)==-1 
            DATA_FOR_CAL=event.Data; 
        elseif size(DATA_FOR_CAL,1)<=4500 
            DATA_FOR_CAL=[DATA_FOR_CAL;event.Data]; 
        else 
            DATA_FOR_CAL=[DATA_FOR_CAL;event.Data]; 
            CAL_READY=true; 
            CAL_COLLECT=false; 
        end 
         
        if CAL_LIVE(1,2)==-1 
            CAL_LIVE=[t_temp,Ave]; 
        else 
            CAL_LIVE=[CAL_LIVE; t_temp,Ave]; 
        end 
        plot(handles.Plot,CAL_LIVE(:,1),CAL_LIVE(:,2)); 
         
        
    elseif size(CAL_DATA,2)>=8  
        Average=mean(DATA_FOR_CAL); 
        CAL_READY=false; 
        src.stop() 
        CAL_DATA(size(CAL_DATA,2)+1)=Average; 
        stds=[1,5,10,50,100,250,500,750,1000]; 
         
         
        plot(handles.Cal_Plot,CAL_DATA,stds(1:size(CAL_DATA,2)),'--gs',... 
    'LineWidth',2,... 
    'MarkerSize',10,... 
    'MarkerEdgeColor','b',... 
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    'MarkerFaceColor',[0.5,0.5,0.5]); 
  
        stds=log(stds); 
         
        [fitObj,gof]=fit(CAL_DATA',stds','poly1'); 
        C_A=exp(fitObj.p2); 
        C_B=fitObj.p1/1000; 
        R2=gof.rsquare; 
         
        csvwrite(strcat('Calibration_', datestr(clock,'mmDDYY_HH-
MM'),'.csv'), CAL_DATA); 
        %csvwrite(strcat('Calibration', datestr(clock),'.csv'), CAL_DATA); 
         
        set(handles.a,'String',num2str(C_A)); 
        set(handles.b,'String',num2str(C_B)); 
        set(handles.Log,'String',['Using calibration from ' 
,datestr(clock,'mmDDYY'), '. [Cl-] (ppm)=', num2str(C_A), '*exp(mV*', 
num2str(C_B), '). With an R^2 of ',num2str(R2)]) 
         
        CALIBRATING=false; 
         
    elseif size(CAL_DATA,2)<8 
        Average=mean(DATA_FOR_CAL); 
        CAL_LIVE=[-1 -1]; 
        CAL_COLLECT=false; 
        set(handles.Cal_Start,'Enable','on'); 
        CAL_READY=false; 
        if CAL_DATA==-1 
            CAL_DATA=Average; 
        else 
            CAL_DATA=[CAL_DATA,Average]; 
        end 
         
        stds=[1,5,10,50,100,250,500,750,1000]; 
        plot(handles.Cal_Plot,CAL_DATA,stds(1:size(CAL_DATA,2)),'--gs',... 
    'LineWidth',2,... 
    'MarkerSize',10,... 
    'MarkerEdgeColor','b',... 
    'MarkerFaceColor',[0.5,0.5,0.5]); 
        set(handles.Instructions,'String', ['Insert ', 
num2str(stds(size(CAL_DATA,2)+1)), 'ppm Standard and press "Done" ']); 
         
     
        set(handles.Cal_Start,'Enable','on'); 
     
        disp(CAL_DATA) 
    else 
        plot(handles.Plot,event.TimeStamps, event.Data); 
    end 
     
end 
  
  
  
function Cal_Value_Callback(hObject, eventdata, handles) 
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% hObject    handle to Cal_Value (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of Cal_Value as text 
%        str2double(get(hObject,'String')) returns contents of Cal_Value as a 
double 
  
  
% --- Executes during object creation, after setting all properties. 
end 
  
function Cal_Value_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to Cal_Value (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% hendandles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
end 
  
  
% --- Executes on button press in Cal_Start. 
%Function that initiates the process of calibration 
function Cal_Start_Callback(hObject, eventdata, handles) 
% hObject    handle to Cal_Start (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
global CAL_COLLECT 
global DATA_FOR_CAL 
global NEW_SAMPLE 
global CAL_LIVE 
  
if NEW_SAMPLE==true 
    set(handles.Instructions,'String', 'When reading stabilizes press 
"Collect"'); 
    NEW_SAMPLE=false; 
    set(hObject,'String', 'Collect'); 
    CAL_LIVE=[-1 -1 ]; 
else 
    CAL_COLLECT=true; 
    DATA_FOR_CAL=-1; 
    set(handles.Instructions,'String', 'Collecting calibration data. Please 
wait.'); 
    set(hObject,'Enable','off'); 
    set(hObject,'String', 'Done'); 
    NEW_SAMPLE=true; 
end 
  
  
end !
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APPENDIX'D'–'16s'rRNA'Sequencing'Results'!To!confirm!the!identify!of!the!bacteria!species,!samples!of!Dechloromonas!aromatic!RCB,!
Azospira!oryze!PS!and!Magnetospirillum!bellicus!VDY!were!taken!from!the!2.5!L!production!cultures.!Genomic!DNA!was!extracted!via!the!phenol)chloroform!method!outlined!in!Chapter!2.!These!samples!were!then!submitted!for!16S!sequencing!at!W.M.!Keck!Center!for!Comparative!and!Functional!Genomics!at!the!University!of!Illinois!(Urbana,!IL).!ReadyMadeTM!primers!used!for!sequencing!were!purchased!from!Integrated!DNA!Technologies!(16S!rRNA!For!and!16S!rRNA!Rev).!Sequencing!of!strain!VDY!failed.!The!first!500!bases!in!the!returned!sequence!of!strain!RCB!and!strain!PS!were!used!to!perform!a!BLAST!search!of!the!nucleotide!collection!database!at!NCBI.!The!initial!20!bases!of!the!returned!sequence!were!omitted!due!to!errors!at!the!beginning!of!the!sequence.!The!returned!sequence!of!strain!RCB!was!99%!identical!to!published!sequence!of!
Dechloromonas!aromatic!RCB!16S!ribosomal!RNA,!and!the!sequence!of!strain!was!100%!identical!to!published!sequence!of!Azospira!oryzae!PS!16S!ribosomal!RNA.!Alignments!of!these!sequences!show!the!degree!of!agreement!(Figure!40).!!
'! '
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! !
Figure'31:'Alignment'of'16S'rRNA'Sequencing''A)!Alignment!of!the!sequenced!D.#aromatica!RCB!(top)!and!the!published!sequence!(bottom).!B)!Alignment!of!sequenced!A.#oryzae!PS!(top),!the!published!sequence!for!strain!PS!(middle),!and!the!published!sequence!for!strain!GRB1!(bottom).!
A'
B'
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APPENDIX'E'–'Western'Blot'Development'! The!choice!to!compare!the!various!Cld!homologs!in!unpurified,!soluble!protein!fractions!created!the!need!to!quantify!the!concentration!of!Cld!in!these!samples.!It!has!previously!been!demonstrated!that!a!polyclonal!antibody!raised!against!full!length!Cld!from!
Dechloromonas!aromatic!RCB!showed!broad!reactivity!with!other!Cld!homologs!in!western!and!dot!blots![87].!This!broad!reactivity!opened!the!possibility!to!perform!quantitative!western!blots!across!homologs,!this!would!allow!for!quantification!of!Cld!in!unpurified,!soluble!protein!fractions.!!! Development!of!a!standard!quantitative!western!blot!assay!ran!into!several!hurdles.!The!purified,!recombinant!Cld!from!Azospira!oryzae!PS,!with!an!N)terminal!tag,!was!sent!to!Capralogics!(Hardwick,!MA)!to!produce!a!custom!polyclonal!antibody!in!New!Zealand!white!rabbits.!Four!sets!of!samples!were!eventually!obtained!from!Capralogics.!54!days!into!the!projects,!a!test!bleed!was!performed!and!the!serum!was!tested!via!western!blotting.!A!sample!of!serum!taken!prior!to!inoculation!was!tested!(known!as!the!pre)bleed).!Capralogics!also!performed!an!ELISA!that!showed!positive!results!with!the!test!bleed!serum.!At!the!end!of!the!84)day!protocol,!a!sample!of!the!production!bleed!was!received.!Additionally,!Capralogics!affinity!purified!the!production!bleed!against!the!rAoPSCld!antigen.!The!purified!IgG!sample!was!the!last!received!from!Capralogics.!All!of!these!samples!were!tested!under!various!conditions!in!an!attempt!to!optimize!performance.!! Serum!from!the!test!bleed!(day!54)!was!used!for!initial!tests!of!reactivity!(Figure!30).!These!blots!showed!almost!no!specificity.!These!initial!tests!were!conducted!at!very!high!concentrations!of!the!immune!serum!(diluted!1:500!in!incubation!buffer),!this!concentration!was!far!too!high.!This!was!confirmed!by!the!fact!that!blots!with!the!pre)bleed!serum!showed!substantial!binding!at!a!dilution!of!1:100!(Figure!12!Panel!B).!Increasing!the!dilutions!to!1:50,000!resulted!in!a!significant!improvement!in!selectivity!(Figure!31).!These!tests!were!conducted!using!a!protein!fraction!containing!DaCld!(a!natively!produced!Cld)!and!purified!rAoPSCld.!Results!showed!good!reactivity!and!selectivity;!however,!unknown!bands!were!observed!that!were!believed!to!be!the!result!of!non)specific!binding.!The!non)
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specific!band!in!the!rAoPSCld!lane!is!not!visible!when!staining!for!total!protein!(see!Figure!10).!These!blots!may!not!have!been!representative!of!the!true!selectivity!of!the!antibody.!As!will!be!discussed!next,!it!was!observed!that!non)specific!binding!was!the!most!severe!in!the!
E.!coli!protein!fractions.!
!! The!extent!of!the!nonspecific!binding!became!clear!when!the!serum!from!the!production!bleed!was!tested!(Figure!32).!These!blots!showed!some!reactivity!against!most!Clds,!MbCld!and!rNwCld!showed!no!signal!and!rIdCld!had!low!signal.!More!importantly,!this!blot!demonstrated!that!the!issues!with!non)specific!binding!were!most!severe!for!the!
A& B&
Figure&32&Non/specific&Binding&with&Test&Bleed&Serum&and&Pre/bleed&A)!Blot!with!serum!form!test!bleed!diluted!at!1:500.!Six!sample!lanes!are!shown:!rIdCld!(lane!1),!rNdCld!(lane2)!rNwCld!(lane!3),!DaCld!(lane!4),!MbCld!(lane!5),!and!!pure!rAoPSCld!(lane!6).!B)!Blot!pre)bleed!serum!diluted!1:99.!Five!sample!lanes!are!shown:!rIdCld!(lane!1),!rNdCld!(lane2)!rNwCld!(lane!3),!DaCld!(lane!4),!and!MbCld!(lane!5).!All!lanes!were!loaded!with!10!µg!of!protein.!!
1!!!!!!!2!!!!!!!!3!!!!!!!4!!!!!!!!5!!!!!!!6!! 1!!!!!!!2!!!!!!!!3!!!!!!!4!!!!!!!!5!!!!!!!!
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recombinantly!produced!Clds.!It!was!hypothesized!that!because!E.!coli!were!used!to!generate!the!antigen,!antibodies!against!low!level!protein!impurities!could!be!present!in!the!serum.!This!would!cause!non)specific!binding!in!the!E.!coli!lanes.!An!alternative!explanation!for!these!unknown!bands,!including!the!band!in!the!purified!Cld!lane,!could!be!that!these!bands!were!some!form!of!Cld!multimers!that!were!not!separating!in!the!cracking!buffer.!This!was!possible!because!the!buffer!used!up!until!this!point!did!not!contain!reducing!agents!such!as!DTT!or!2)mercaptoethaol.!!! Two!adjustments!were!made!to!the!blotting!procedure!in!an!attempt!to!reduced!the!non)specific!binding!and!decouple!any!Cld!multimers!or!other!protein!complexes.!First,!DTT!and!2)mercaptoethaol!were!added!to!the!cracking!buffer,!and!second,!the!ionic!strength!of!the!incubation!and!washing!buffers!were!increased.!The!standard!incubation!buffer!contained!150!mM!NaCl,!additional!variations!that!contained!250!mM!and!500!mM!were!also!prepared.!Neither!the!addition!of!reducing!agents!to!the!cracking!buffer!(Figure!33!Panel!A)!or!increasing!the!ionic!strength!to!250!mM!(Figure!33!Panel!B)!or!500!mM!(Figure!33!Panel!C)!reduced!the!non)specific!binding.!It!was!therefore!concluded!that!low)level!impurities!in!the!initial!antigen!sample!might!have!been!the!source!of!these!unknown!bands.!
!!
1!!!!2!!!3! Figure&33:&Improved&Specificity&&Western!blot!with!test!bleed!serum!diluted!1:49,999.!Soluble!protein!fraction!containing!10!µg!of!DaCld!is!loaded!in!lane!1,!1!µg!of!purified!rAoPSCld!is!in!lane!2,!and!lane!3!is!the!protein!ladder.!
&
! 119!
In!a!final!attempt!to!produce!reliable,!high)quality!blots,!a!second!sample!of!rAoPSCld!antigen!was!sent!to!Capralogics!to!be!used!for!affinity!purification.!This!sample!was!from!an!independent!production!and!purification.!The!first!step!in!working!with!the!purified!IgG’s!was!to!determine!the!proper!concentrations!for!blotting.!Tests!at!concentrations!of!1!µg!mL)1!(Figure!34!Panel!A),!0.1!µg!mL)1!(Figure!34!Panel!B),!and!0.05!µg!mL)1!(Figure!34!Panel!C)!were!conducted.!The!high!concentration!blot!showed!some!smearing!(likely!due!to!sample!precipitation!in!the!gel);!also,!this!concentration!appeared!to!be!too!high!given!the!presence!of!unknown!bands.!The!lowest!concentrations!showed!minimal!non)specific!binding,!but!the!overall!signal!was!low.!Thus!the!middle!concentration!of!0.1!µg!mL)1!was!chosen!for!further!optimization.!!
!
1!!!!2!!!!!3!!!!4!!!!!5!!!!6!!!!7!!!!8!!!!!9!!!10!!11!!12!13!
Figure&34:&Production&Bleed&Test&Western!blot!with!production!bleed!serum!diluted!1:99,999.!Lanes!1)6!are!purified!rPSCld!standard!curve!loaded!with!1!µg,!0.5!µg,!0.25!µg,!0.1!µg,!0.05!µg,!and!0.01!µg!respectively.!Lane!7!is!a!protein!ladder.!Lanes!8)13!are!sample!lanes!loaded!with!10!µg!of!protein!fractions!containing!AoGRCld,!rIdCld,!rNdCld,!rNwCld,!DaCld,!and!MbCld!respectively.!
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1!!!!!2!!!!3!!!!4!!!!!5!!!!!6!!!!!7! 1!!!!!2!!!!3!!!!4!!!!!5!!!!!6!!!!!7! 1!!!!!2!!!!3!!!!4!!!!!5!!!!!6!!!!!7!A& B& C&
Figure&36:&Concentration&Test&for&Affinity&Purified&IgG&A)!Purified!IgG!diluted!to!1!µg!mL)1.!B)!0.1!µg!mL)1.!C)!0.05!µg!mL)1.!For!A)!and!B)!Lanes!1)3!contain!AoGRCld!(5!µg),!rIdCld!(2.5!µg),!and!rNdCld!(2.5!µg)!respectively.!Lanes!4)5!are!purified!rAoPSCld!with!load!masses!of!0.05!µg,!0.25!µg!and!0.5!µg.!Lane!7!is!a!ladder.!For!C)!Lane!1!is!the!ladder.!Lanes!2)4!contains!AoGRCld,!rIdCld,!and!rNdCld!respectively.!Lanes!5)7!are!purified!rAoPSCld!with!load!masses!of!0.05!µg,!0.25!µg!and!0.5!µg.!
1!!!!!2!!!!!3!!!!!4!!!! 1!!!!!2!!!!!3!!!!!4!!!! 1!!!!!2!!!!!3!!!!!4!!!!A& B& C&
Figure&35:&Modifications&to&Blotting&Method&For!all!blots:!Ladder!(Lane!1),!5!µg!of!AoGRCld!(Lane!2),!5!µg!of!IdCld!(Lane!3),!and!5!µg!of!NdCld!(Lane!4).!Additionally,!both!2)mercaptoethanol!and!DTT!were!added!to!the!cracking!buffer!of!all!samples.!A)!Standard!washing!buffer!containing!150!mM!NaCl.!B)!Buffer!with!250!mM!NaCl.!C)!Buffer!with!500!mM!NaCl.!
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! The!blotting!procedure!was!altered!to!further!optimize!the!selectivity!of!the!antibody!and!produce!publication!quality!blots.!The!blots!in!Figure!34!were!all!conducted!using!precast!12%!gels!purchased!from!BioRad.!This!was!the!main!reason!why!the!bands!in!these!gels!were!broad.!Thus,!to!obtain!sharper!band!resolution,!handmade!gels!were!poured!with!a!5%!stacking!gel!to!promote!the!formation!of!thin!bands.!Additionally,!all!the!buffers!were!prepared!fresh.!With!these!modifications,!much!cleaner!blots!were!obtained!(Figure!35).!In!these!blots,!most!of!the!unknown!bands!had!disappeared,!the!bands!were!sharp!and!clear,!and!the!standard!curve!was!linear.!!
! Upon!further!investigation,!it!was!discovered!that!when!switching!from!the!BioRad!Gels!to!the!handmade!gels,!the!1!hr!blotting!time!was!insufficient!to!remove!all!the!protein!from!the!gel.!Therefore,!the!transfer!time!was!extended!to!90!min.!At!these!conditions,!a!western!blot!was!compared!to!the!stained!transfer!gel!(Figure!36).!It!is!clear!that!the!transfer!time!was!still!too!short!to!allow!for!sufficient!transfer!to!the!membrane,!some!Cld!can!even!be!seen!remaining!in!the!gel!(arrow!in!Figure!36).!It!was!also!discovered!that!the!transfer!apparatus,!which!was!designed!to!transfer!two!gels!simultaneously,!could!only!
Figure&37:&New&Buffers&and&Stacked&Gel&Lanes!1!and!7!are!protein!ladders.!Lanes!2)5!represent!a!standard!curve!of!rAoPSCld!at!load!masses!of!0.25!µg,!0.15!µg,!0.1!µg,!0.05!µg,!and!0.01!µg.!Lane!8!contained!rNdCd!(2.5!µg)!and!lane!9!contained!AoGRCld!(5!µg).!
1!!!!!2!!!!!!3!!!!!!4!!!!!!5!!!!!!!6!!!!!!7!!!!!!8!!!!!!9!
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transfer!one!gel!effectively.!It!was!observed!that!the!gel!closest!to!the!negative!plate!transferred!more!efficiently!than!the!gel!positioned!closest!to!the!positive!plate.!To!attain!sufficient!transfer,!the!transfer!time!was!extended!to!2!hrs!and!only!one!gel!was!transferred!at!a!time,!this!gel!also!was!positioned!as!close!to!the!negative!plate!as!possible.!!1!!!!!2!!!!!3!!!!4!!!!!5!!!!!!6!!!!7!!!!!8!!!!!9!!!!10!!11!!12!!!13!!!14!!15!!!
1!!!!!2!!!!!3!!!!4!!!!!5!!!!!!6!!!!7!!!!!8!!!!!9!!!!10!!11!!12!!!13!!!14!!15!!!
A&
B&
Figure&38:&Transfer&Efficiency&after&90&min&A)!Western!blot!of!gel!that!had!been!transferred!for!90!min.!B)!Coomassie!staining!of!gel!after!transfer!to!membrane.!For!A)!and!B)!Lanes!1)9!were!sample!lanes.!Lanes!1)5!contained!different!samples!and!concentrations!of!rNdCld!(4!or!2!µg)!and!lanes!6)9!contained!different!samples!and!concentrations!of!rIdCld!(5!or!2.5!µg).!Lane!10!was!a!protein!ladder.!Lanes!11)15!were!a!standard!curve!of!purified!rAoPSCld!with!load!masses!of!0.01!µg,!0.05!µg,!0.1!µg,!0.15!µg,!and!0.25!µg.!
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! With!all!these!modifications!and!slight!adjustments!to!the!mass!of!protein!that!was!loaded!into!each!lane,!the!final!blots!used!for!quantification!were!obtained!(Figure!11).!During!this!final!process,!it!was!confirmed!that!rNwCld!was!not!detectable!by!the!antibody!even!when!very!large!amounts!of!protein!(up!to!50!µg!per!lane)!were!used!(Figure!37).!!
!!! '
1!!!!2!!!!3!!!!4!!!!5!!!!6!!!!7!!!!!!8!!!!9!!!10!!11!12!13!
Figure&39:&Reactivity&toward&rNwCld&Lanes!1)5!are!a!standard!curve!of!purified!rAoPSCld!with!load!masses!of!0.25!µg,!0.15!µg,!0.1!µg,!0.05!µg,!and!0.01!µg.!Lane!6!is!a!protein!ladder.!Lanes!7!and!8!contained!rIdCld!loaded!with!20!µg!and!10!µg!of!total!protein!respectively.!Lanes!9)13!were!loaded!with!protein!fraction!containing!rNwCld!at!either!50!µg!or!25!µg!of!total!protein.!!
!
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